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PREFACE TO THE ENGLISH EDITION 


DuRING the past decade the exploitation of nuclear power for the generation of 
electricity and the successful operation of mobile reactors at sea has provided 
a considerable stimulus to research into shielding methods. For the greater 
part, the effort has been directed towards the solution of the difficult prob- 
lems of neutron attenuation, and it is perhaps surprising that the current 
techniques for gamma ray shield design have remained substantially un- 
changed since the publication of the first results of the method of moments 
in 1954. The present volume, which includes a detailed account of Russian 
work up to 1959, will therefore be of particular interest to European and 
American readers. 

As will be seen from the preface to the Russian edition, which follows, 
the material is relevant not only to reactor design but also to the shielding 
of radioactive isotopes in medicine and industry. The presentation will 
appeal both to students, who will find a very full discussion of the transport 
equation, and to physicists and engineers engaged in shield design problems, 
the solution of which will be greatly facilitated by the wealth of numerical 
data presented in graphs and tables. 

In completing the preparation of this edition for publication we have 
sought to pay a modest tribute to our late friend and colleague Mr. K. T. Spin- 
ney, who originally undertook the task of editing the English translation. 
His own contribution to the subject has been outstanding, and his loss will 
be felt by many workers in the field who will read this book. 

| J.B. 

J. B.S. 


Vii 


PREFACE TO THE RUSSIAN EDITION 


ANY use of nuclear energy, in peace orin war, is accompanied by nuclear 
radiation (y-quanta, neutrons, electrons, «-particles). Since such radiation 
has a harmful effect on the body, any use of nuclear energy requires the 
provision. of shielding from nuclear radiation. This has led to the appearance 
of a new branch of applied nuclear physics, the physics of shielding, whose 
task is to study the laws of penetration and attenuation of nuclear radiation 
in various media with various arrangements and properties of sources of 
radiation, and to measure such radiation.t The ultimate objective of this 
study is the choice of the material, size and configuration which will ensure 
the absorption of nuclear radiation to a level which may be regarded as safe. 
Another aspect of the study which is of importance in radiation chemistry 
and biology is to determine the radiation energy absorbed in matter. 

The present book is concerned only with y-radiation, and deals with 
various problems of the propagation and absorption of y-quanta in matter. 
A feature of such problems is the occurrence of multiple scattering of 
radiation. This property derives from the practical conditions of utilization 
of atomic energy: the presence of intense beams of y-rays requires the setting 
up of a massive shield whose dimensions exceed the mean free path of the 
quanta. When there are many collisions with electrons, the path of a quan- 
tum in matter has the form of a broken line, similar to the path of a molecule 
diffusing in matter. The expression “diffusion of quanta in matter” is 
therefore often used. The diffusion of quanta, however, differs from that 
of molecules in that the energy of quanta does not remain constant during 
diffusion, but decreases continuously, as with the slowing-down of neutrons 
in a medium. The diffusion of quanta is distinguished by the fact that the 
velocity of the quanta remains constant, while that of neutrons diminishes. 
Many problems on the diffusion of quanta have been solved theoretically by 
numerical integration of the transport equation for y-quanta, using the 
Monte Carlo and other methods. Some problems have been solved by 
experimental measurement of the field of y-quanta in appropriate conditions. 
In many cases the accuracy of the solution exceeds the accuracy which 1s 
experimentally possible. 

The present book is written for experimental workers, and therefore 
includes only a general account of theoretical methods of solving problems 
of multiple scattering of quanta. It is mainly a discussion of the results of. 
solving various problems. 

Use is made of the extensive material which has appeared in the journals 
in recent years and which covers almost all the most important cases of 


{* The measurement of radiation forms an independent part of shielding physics, called 
dosimetry. 
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the propagation of y-radiation in matter. A very large number of practical 
problems where scattered radiation must be taken into account arise in 
connection with the interaction of y-rays with matter. Some of these are: 
the calculation of fields of y-rays emitted by the core of a nuclear reactor 
or formed in materials surrounding the reactor by the capture of neutrons 
therein; the calculation of fields of y-rays formed in an atomic explosion; 
the calculation of y-radiation due to radioactive fall-out from atomic explo- 
sions or nuclear industry wastes; the calculation of the field of radiation 
from extended layers of radioactive water or soil whose radioactivity is due 
to atomic explosions, nuclear industry waste disposal or natural causes; 
the calculation of the field of radiation from powerful sources used in 
industry and in research institutes. 

The purpose of the book is to give a fairly complete and systematic survey 
of results. A considerable proportion of the practically important problems 
on multiple scattering of y-quanta may be regarded as solved. Less attention 
has been given to the angular distribution of y-radiation energy in scattering 
media, the albedo for y-quanta, the oblique incidence of a flux of quanta 
on a medium, and certain other problems. The data available on these 
problems are as yet scanty. By means of interpolation and extrapolation, 
however, they can be used to assess the field of y-radiation in the less well 
investigated problems mentioned above. 

For lack of space, solutions are not given for problems with complex 
geometrical shapes of sources. Such solutions can be obtained by super- 
position of the solutions obtained for a point source. The book also does not 
include a discussion of complex shielding problems of finding the minimum 
shield weight for a given dose reduction. Only a few general methods of 
solving such problems have appeared in the literature. This very important 
subject had not been sufficiently studied when the present book was com- 
pleted. | 

We believe that the material given in the book will be sufficient to serve 
as a guide in most practical problems of the effects of y-rays and shields, 
and will be useful for physicists and engineers concerned with nuclear 
radiation shielding. 

The authors are much obliged to L. R. Kimel’, U. Ya. Margulis, N. G. 
Gusev, S. G. Tsypin and P. E. Stepanov for a number of valuable comments. 


NOTATION 


&—energy of the y-quantum 
M,—rest mass of the electron 
c—velocity of light 
o—energy of the y-quantum in units of m, c? 
o—angle of incidence 
A—dimensionless wavelength of the quantum 
A—mean free path of the quanta in matter 
A,j—mean free path of the primary quanta 
ro—classical radius of the electron 
e—charge of the electron 
No—density of electrons 
n—density of atoms 
Z—nuclear charge of the substance 
Enin—energy of the quanta for which the linear absorption 
coefficient is a minimum 
o—total cross-section for the interaction of quanta with 
matter 
o,—Compton cross-section 
s0-—cross-section for scattering-of energy by the Compton 
effect 
20-—cross-section for absorption of energy by the Compton 
effect 
0,—cross-section for the photo-electric effect 
o,—cross-section for pair production 
0,—cross-section for absorption of energy 
j—total linear absorption coefficient 
{4;—linear absorption coefficient for the photo-electric effect 
{4-—linear absorption coefficient for the Compton effect 
44,—linear absorption coefficient for the process of pair pro- 
duction 
f4g—linear coefficient for the absorption of energy 
#4;—linear coefficient for the scattering of energy 
ftj—total linear absorption coefficient for quanta with the 
initial energy 
E,—energy of the source quanta (in the case of a monoener- 
getic source) 
Enax—maximum energy of the source quanta (in the case of an 
non-monoenergetic source) 


G—activity of the source 
N(t, $2, E)}—distribution function for the flux of quanta 
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Ir, 82, E)—distribution function for the energy flux of quanta 
No (r, £)—flux of quanta 
I(r, E)—energy flux of quanta 
jv@, £)—current of quanta 
jze@, £)—energy current of quanta 
N,(r, £)—absolute value of the current of quanta 
I,(, E)—absolute value of the energy current of quanta 
J—intensity of radiation 
Jy—intensity of unscattered radiation 
P—dose rate 
P,—dose rate due to unscattered radiation 
Mao—linear coefficient for the absorption of energy for quanta 
with the initial energy 
Lmin—minimum value of the linear absorption coefficient 
Mere —Chtective linear absorption coefficient 
Aers—effective range of the quanta in matter 
By (r)—build-up factor for the number of quanta 
B,(r)—build-up factor for the energy flux 
By(r)—build-up factor for the dose rate 
B,(r)—build-up factor for energy absorption 
Ky, Kg, Kp, K,—attenuation factors 
Ry—teflexion coefficient for the number of quanta 
R,—teflexion coefficient for the energy of quanta 
F,—build-up factor for the number of quanta for the case of 
reflexion 
F,—build-up factor for the energy of quanta for the case of 
reflexion 


CHAPTER I 


INTRODUCTION 


§ 1. THE INTERACTION OF y-RADIATION WITH MATTER 


Gamma radiation, i.e. electromagnetic vibrations of very high frequency 
(w ~ 10” sec-! and higher) is produced either during nuclear transformations 
(radioactive decay, nuclear reactions, nuclear fission), or the stopping of 
charged particles in the medium (bremsstrahlung), or during the annihilation 
of particles and anti-particles (for example, an electron with a positron). 

The corpuscular properties of electromagnetic vibrations are clearly ex- 
hibited at high frequencies. For this reason y-radiation can be considered as 
a collection of particles (quanta or photons) moving with the velocity of 
light, c = 3 x 10 cm/sec and possessing the energy 


E=ho (1.1) 
and momentum 
ho 
p C 9 (1.2) 


where # = 1:054 x 10-2’ erg. sec, Planck’s constant. 

In this book we shall not consider radiation of very high energy and shall 
limit ourselves to the interval 0-01-10 MeV, in which the energy of the 
y-quanta emitted by most of the naturally and artificially radioactive isotopes 
lies. 

During their passage through matter, the energy of y-quanta is transmitted 
mainly to electrons. It is therefore convenient to measure the energy of 
the quanta in units of the rest energy of the electron m, c? = 0-511 MeV 
(m, is the rest mass of the electron). We shall denote the energy of the 
quanta expressed in these units by « and the energy of the electrons by «,. 
Thus 
Ee 


E 
f= ———=- and a,= : 1.3 
My C? “Mm, c? 7 
Instead of « it is sometimes convenient to introduce its reciprocal: 
1 Mg Cc? 
A=—=—2 1.4 
Xx E ? ( ) 


which we shall. henceforth call the wavelength of the quantum. We may 
point out that 
Oo 


2 


2E (MeV) 
and 

~ 2E(MeV) — 
1 


2 THE PROPAGATION OF GAMMA QUANTA IN MATTER 


There are more than ten types of elementary processes of interaction of 
y-rays with matter (for a survey of these see [1]). But, for quanta of the 
energies considered, only three processes occur with a significant probability: 
photo-electric absorption, Compton scattering and the pair production 
process. 

As a result of each of these processes, either the entire energy of the 
y-quantum or part of it is transmitted to electrons: a photo-electron, a 
Compton electron or an electron—positron pair. The electrons and positrons 
transfer the energy received to the substance in a series of complicated 
processes not considered here. It is essential only to note that the transfer 
of energy from the electron to the substance occurs near the point where 
the primary interaction of the quantum with the substance took place, viz. 


Fic. 1. Scattering of y-quanta. 


over the path of the electron, which is small compared to the path of the 
quantum in the substance and the dimensions of the media considered. The 
point where the primary interaction of the quantum with the substance 
occurred may therefore be considered with sufficient approximation as the 
point of absorption of energy. 

Part of the energy lost by quanta in primary events of interaction with 
the substance is subsequently emitted in the form of radiation (fluorescence, 
bremsstrahlung of electrons and positrons and annihilation radiation). The 
intensity and energy of this radiation is considerably less than that of the 
primary radiation, so that its effect can be neglected in comparison with 
the effect of the primary radiation. The three main processes by which 
quanta interact with matter will be briefly considered below: the photo- 
electric effect, Compton scattering and pair production. We shall be interested 
only in the probability of interaction of y-quanta with matter and in the 
state of the quantum (its energy and direction of motion) after the interaction. 
A more detailed description of the processes enumerated above will be 
found, for example, in [1-4]. 

Quantities called cross-sections for scattering or absorption of quanta 
are usually employed as quantitative characteristics of the probability for 
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scattering or absorption. The scattering cross-section is defined as follows. 
Let us suppose that at the point O (Fig. 1) there is an electron, on which is 
incident along the Z-axis a parallel and homogeneous beam of y-quanta, 
the beam being infinite in the directions X and Y. Let the flux of the beam 
of quanta, 1.e. the number of quanta passing in unit time through unit area, 
be N, and the number of quanta scattered in unit time be N. Then the ratio 


N 
0; = No (1.5) 


is called the scattering cross-section. This has the dimensions of length 
squared. It is evident that if there are 1, scattering electrons in unit volume, 
the number of y-quanta scattered per unit time in volume dv is 


dN = Noo, NM dv. 


The probability of a quantum being scattered while traversing a path length 
d/is given by 
dN 


dw = NS No Oso S 


nat = O,N, dl (1.6) 
(S is the cross-sectional area of the beam). Thus the cross-section o, is 
numerically equal to the scattering probability for a quantum in unit path 
of a substance containing one electron per unit volume. 

The considerations above would hold for the processes of photo-electric 
absorption and pair production also. In that case, N should be taken to 
stand for the number of quanta disappearing in unit time. Formulae similar 
to (1.5) and (1.6) will give the cross-section for the absorption of quanta, 
the number of absorbed quanta and the probability of absorption. 


The Photo-electric Effect 


The photo-electric effect is a process of absorption of a y-quantum by 
an atom of the substance. The energy of the quantum is transferred to one 
of the electrons of the atom, usually the K-electron, which is nearest to 
the nucleus. This electron escapes from the atom with an energy equal to 
the difference between the energy of the quantum and the binding energy 
of the electron to the atom. 

The cross-section for the photo-electric effect depends greatly on the 
nuclear charge Z of the substance and the energy of the quantum. As the 
nuclear charge increases, the cross-section calculated for one atom of the 
substance increases in proportion to Z",n varying approximately from 4 
to 5, depending on the energy of the y-quantum. As the energy rises, the 
photo-electric cross-section decreases; at low energies (less than 0-2 MeV) 
in proportion to 1/E*, and for large energies (EZ > 0:5 MeV) according to 1/E. 
Thus, for heavy substances and low quantum energies it is important to 
take the photo-electric effect into account. We may point out that the cross- 
section varies discontinuously for quantum energies equal to the binding 
energies of the electrons in the atom. 


4 THE PROPAGATION OF GAMMA QUANTA IN MATTER 


Table 1 gives the values of the energies of the y-quanta for which the 
photo-electric cross-section o, becomes equal to the cross-section for Comp- 
ton scattering o,, and the energies for which the photo-electric cross-section 
is one-fifth of the value for Compton scattering. 

The photo-electric cross-sections per atom for various elements are given 
in Appendix I. 


TABLE 1. QUANTUM ENERGIES E AT WHICH THE PHOTO- 
ELECTRIC CROSS-SECTION IS EQUAL TO AND ONE-FIFTH OF 
THAT FOR COMPTON SCATTERING 


Substance | 1 

Op = Oc On = 5 0. 
Nitrogen 20 40 
Aluminium 50 80 
Tron 120 200 
Lead 500 1500 


Compton Effect 


In the process of interaction with an electron, a y-quantum can be scattered 
through an angle 6 and transmit part of its energy to the electron. This 
process is called the Compton scattering of y-rays. Since the binding energy 
of an electron in an atom is small compared to the energy of a y-quantum 
and the velocity of the atomic electrons is small compared to the velocity 
of light, the electron before its interaction with the quantum can be con- 
sidered as free} and at rest. With this assumption, the relation between the 
angle of scattering and the energies of the quantum before and after scat- 
tering. follows directly from the laws of conservation of energy and 


momentum: 
a 
a ee, © (1.7 
~ = "T+ a(l — cos6) Ce) 
where « is the energy of the incident quantum and «’ the energy of the’ 
scattered quantum. In terms of wavelength this equation can be written in 


the form 
 =A+ 1 — cosé; (1.8) 


A and #’ are the wavelengths of the radiation before and after the interaction. 
From the law of conservation of energy it follows that the energy of the 


recoil electron is 
6 = 0 = Os 


+ The energy at which Compton scattering becomes more probable than the photo- 
electric effect is much greater than the binding energy of the electron in the atom. For 
example, in the case of iron, the binding energy of the K-electron in the atom is 7 keV, 
whereas the probability for the Compton effect begins to predominate over that for the 
photo-electric effect at 120 keV. 
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1.¢. 
o?2(1 — cos@) 


“e = T+ a(1 — cosd) © On) 


An examination of these formulae shows that, for a given energy of the 
incident quantum, the energy of the scattered radiation decreases as the 
angle of scattering increases. It reaches a minimum, given byx’ = «/(1 + 2«), 
for a scattering angle 0 = x (back scattering). For large energies of the 
initial quantum, the energy of the quantum scattered backwards tends to 
the minimum value «’ = 4, i.e. 0-25 MeV, and, for low energies, «’ > «. 
Thus low-energy quanta practically do not change their energy in the case 
of back scattering. For « > 1, the energy of the backscattered quantum is 
practically independent of the initial quantum energy: when « varies from 
unity to infinity, «’(@ = 2) varies from 0-17 to 0:25 MeV. 

When a quantum is scattered forward (0 = 0) its energy does not vary 
and «’ = «. From (1.7) it can also be seen that «’ can never be equal to 
zero. This corresponds to the fact that in the Compton process the y-quan- 
tum cannot disappear. 

In the Compton interaction process, the quanta can be scattered through 
all possible angles (0 S:6 S x). But the Compton electrons can. have only 
those velocities, the directions of which form an acute angle with the direc- 
tion of motion of the primary quantum (if this angle is denoted by y, then 
0S py S 4m). When the quantum is backscattered (0 = x) the electron 
receives the maximum possible energy: 


oO 


ia Sa 


(1.10) 


In this case the electron moves “forward” (y = 0). For small scattering 
angles the quanta transmit a negligible portion of their energy to the elec- 
trons and the latter are scattered approximately at right angles to the 
direction of motion of the initial quantum. 

The probability that a quantum is scattered through a given angle can be 
calculated by themethods of quantum electrodynamics (see, for example, [5]). 
‘The differential cross-section for scattering, i.e. the cross-section with respect 
to unit solid angle, is expressed by the formula of Klein, Nishina and Tamm: 


do, I, : ] 
dQ =a tot a GOS 8) [1 + «(1 — cos6)/ . 
«?(1 — cosé)? 
. f a (1 + cos?6) [1 + a0 — sai} oon 


where 7, = e?/m, c” is the classical radius of the electron. In the limit, when 
o = 0, from (1.11) we obtain Thomson’s formula 


oe 


f 4 = =n + cos?6). (1.12) 
: : 
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In this case the y-radiation can be considered as a wave. For this reason 
Thomson’s formula can be obtained with the help of the methods of classical 
electrodynamics [6]. It should be noted that (1.11) can also be written in 
the form 

do, 1 ,/a'\?[a’ ox 1 1 l 1 \? 


Oo Oo Oo 


This expression is obtained by eliminating cos@ from (1.11) with the help 
of (1.7). 

In Fig. 2, where the relation between do,/d{2 and 6 is plotted in polar 
co-ordinates for different values of «, the curvex = 0 corresponds to formula 


Fic. 2. Angular distribution of scattered radiation in polar co-ordinates. 


(1.12). The angular distribution for values of « + 0 becomes more biassed 
in the forward direction as the quantum energy before scattering increases. 
Thus the greater the initial energy the larger 1s the proportion which is 
scattered at small angles. From Fig. 2 it can be seen that, for 6 = 0, the 
differential cross-section for scattering is independent of the initial energy 
of the quantum, and is equal to the Thomson cross-section (1.12). When 
6 + 0, however, the Thomson curve in Fig. 2 is modified as the energy of 
the quanta, «, increases so that the fraction scattered at large angles is re- 
duced. 

The expression (1.13) represents the differential cross-section for scattering 
per unit solid angle. For theoretical calculations it is convenient to introduce 
the differential cross-section for scattering per unit solid angle per unit 
interval of the dimensionless energy «’, i.e. quantum energy expressed in 
units of m, c?. Let us denote this cross-section by 


do, , 
qOv dat Slo, 9). (1.14) 


Let us find the form of the function f(a, «’, 6). To do this we note that it 
must satisfy the following conditions. Firstly, because of the rigid relation (1.7) 
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between its arguments, the function considered must contain within itself 
the 6-function{ 


(1 a cos), (1.15) 
Oo Oo 
which ensures the fulfilment of equation (1.7). Secondly, the relation 
[10 x, @)da’ = £% (1.16) 
? ? re dQ e 
0 


must obviously be satisfied. The two sides of this equation represent the 
differential cross-section for Compton scattering per unit solid angle. It can 
be easily verified that the requirements given are satisfied by the function 


Pie Me vee [OO Ne Oe 3 iol 
Fe,2, 0) = = 73(—| + = + 2(— —)+ 
2 = ae: 
i (— _ = | 6(1 + 1/a a cost) (1.17) 
OX Xx 


On integrating the formula of Klein, Nishina and Tamm over the entire 
solid angle we obtain an expression for the relation between the total cross- 
section for Compton scattering of a quantum by an electron and the energy 
of the quantum: 


ot — 20 —2 2+ 8a + 9a? + oF 
o,(«) = mre |<< log + 2c) +2 ap 8) 


The graph of this function is given in Fig. 3. The scattering cross-section 
is maximum for « = 0, where it is equal to the Thomson cross-section 
is a = 0-657 x 10-4 cm? (1.19) 
as the energy increases it decreases and tends to zero as E —> oo. 
The total scattering cross-section (1.18) is generally divided into two parts 
as follows: 
; _ do, _ fo do, a’ \ do, 
oa) = | edo= [~ S75 dO + {( -~) T7512. (1.20) 


4a 4x 4a 
The first integral on the right-hand side of the equation is proportional to 


the mean value of the energy carried off by the quantum after scattering. 
Accordingly 


a’ do, 


s0-(&) = oral dO d £2 (1.21) 


4 7 


is called the energy scattering cross-section of the quantum. The second 


integral is proportional to the mean energy « — «’ transferred by the quantum 
to the electron. Hence 


w= [—* 4.0 (1.22) 


4x 


+ The definition and principal properties of the 0-function are given in Appendix II. 
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is called the energy absorption cross-section of the quantum for Compton 
scattering. Thus 

; C=. Oo: (1.23) 
The mean energy of the scattered quantum is «(,0,/o,) and the mean energy 
of the recoil electron «(,0,/0,). 

Substituting the corresponding expression for «’ and do,/d@ in (1.21) 
and (1.22) and carrying out the integration, we obtain the relation between 
the cross-sections for energy scattering and energy absorption as functions 
of quantum energy. The expressions themselves are cumbersome and will 


16) 
Se | 
eter aS reer: 
—s __ 


20 


$ ECT CRSA 
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tier od | x 
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E, MeV 


Fic. 3. Relation between the Compton scattering cross-sections ,0,, a%; 
o, and the energy of the y-radiation E. 


not be given here. The graphs of the functions ,o,(£) and ,o,(£) are also 
given in Fig. 3. Tables of these functions and the function o,(£) are given 
in Appendix III. 

For low quantum energies, corresponding to the classical approximation, 
a%- approaches zero and no energy is lost in Compton scattering. As the 
energy is increased, the ratio ,o,/,0, decreases monotonically, i.e. in the 
process of Compton scattering an increasingly larger part of the energy of 
the quanta is transmitted to the electrons. The ratio ,o,/,0, is approximately 
equal to unity when « = 3. When such y-quanta are scattered their energy 
is divided equally, on average, between the scattered quanta and the recoil 
electrons. For energies of the quanta greater than about 1-5 MeV the greater 
part of their energy is transmitted to recoil electrons in the process of 
scattering. The relation between the ratio of the mean energy of the 
scattered quantum to the initial quantum energy and the energy of the in- 
cident radiation is shown in Fig. 4: 
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For « = 0 this quantity is equal to unity; this is in accordance with the fact 
that low-energy quanta are scattered without loss of energy. For « ~ 3 
the ratio«’/« = 4. If the energy is increased further, the portion of the energy 
carried off by the scattered quanta tends monotonically to zero. 

‘o, has been used above to denote the cross-section per electron, and the 
cross-section per atom of the substance will be Z times as large. 


a= E,/mc2 (curvel) 
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Fic. 4. Ratio of the average energy of the scattered quantum in the 
Compton effect to the energy of the incident quantum. 


Pair Production 


The y-quantum can form an electron—positron pair in the field of the 
nucleus or in the field of an atomic electron and disappears in the process. 
The minimum energy which the quantum must possess for pair formation 
is equal to the sum of the rest energies of the electron and the positron, 
1.e. 2m, c? = 1:022 MeV.7+ For this reason the cross-section for pair pro- 
duction is zero when « < 2, and then begins to increase monotonically. 
The pair cross-section per atom of the substance increases in proportion 
to the square of the nuclear charge.+ Thus pair production becomes im- 
portant in heavy elements for high quantum energies. 

Table 2 gives the values of the energies of y-quanta at which the cross- 
section for the formation of electron—positron pairs, o,, becomes equal to 


{+ More accurately, 27) c?(1 + m/M), where M is the mass of the particle in the 
field of which the pair is formed. 

+ Pairs are formed mainly in the field of atomic nuciei, because the probability of 
pair formation in the field of an electron is less than that in the field of the nucleus. 


10 THE PROPAGATION OF GAMMA QUANTA IN MATTER 


the cross-section for Compton scattering, and the energies at which the 
pair production cross-section is one-fifth of the value for Compton scattering. 
Values of the cross-section for pair production are tabulated in Appendix I. 


TABLE 2. QUANTUM ENERGIES E AT WHICH THE PAIR PRO- 
DUCTION CROSS-SECTION IS EQUAL TO AND ONE-FIFTH OF 
THAT FOR COMPTON SCATTERING 


E, MeV 
Substance 1 
Op =O ¢ 0, = 7 om 
Nitrogen 23 7:5 
Aluminium 15 5:3 
Iron 9°5 4:0 
Lead 4-7 23 


Total Linear Coefficients of the Interaction of Radiation with Matter 


If a parallel beam of y-quanta passes through matter, any of the processes 
considered above will lead to the ejection of quanta from the beam. In the 
photo-electric effect and in pair production this is due to the disappearance 
of the primary quantum, and in the Compton effect, quanta are lost from 
the beam as a result of scattering. On making use of formula (1.6) in a 
somewhat more general form we find that the number of quanta ejected 
from the beam in an elementary path length d/ is 


dN = N, Sto. + 6, + o,)n- dl, (1.25) 


where the cross-sections o,, 6,, 6, are calculated for one atom of the sub- 
stance, and 7 is the number of atoms in unit volume. N, and S, as before, 
are respectively the flux of quanta and the cross-sectional area of the beam. 
Thus the quantitative characteristics of the interaction of y-radiation with 
matter are given by the total cross-section per atom of the substance 


6=0,+6,+ 4, (1.26) 


which is equal to the sum of the cross-sections for the different elementary 
processes. The product of the total cross-section and the concentration of 


atoms, 
=o: nN, (1.27) 


is called the linear coefficient of absorption of y-radiation. It is the prob- 
ability that a quantum will interact with the substance in unit path length. 
The linear absorption coefficient, u, has the dimension cm- in the CGS 
system. The coefficients uy, Ue, Mp» sc and gu, which are related to the 
corresponding cross-sections in the same way as yu is related to o, can be 
defined in a similar way: 


Pe = Fp° Ny, Ue = O° Nh, Pp = Gp", she = sOce°N, allc = gO, n. (1.28) 
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Fic. 5. Mass absorption coefficients for air (@ = 0-001293 g/cm*) as a 
function of the energy of the radiation. 
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Fic. 6. Mass absorption coefficients for water. 
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It can be easily shown that the reciprocal of the linear absorption coefficient 
is equal to the mean free path of the y-quantum in the substance. Sometimes, 
instead of the linear absorption coefficient, the mass absorption coefficient 
is used. This is equal to w/e, where @ is the density of the substance con- 
cerned. The mass absorption coefficient in the CGS system has the dimension 
cm?/g and is equal to the probability for an interaction of the y-quantum 
in a column of the substance with a cross-section of 1 cm? and a mass of 1 g. 
The mass absorption coefficients for various elements are given in Figs. 5-8. 
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Fic. 7. Mass absorption coefficients for aluminium. 


Let us consider the dependence of the mass absorption coefficient on the 
energy of the y-quanta, «, and the atomic number of the substance Z. 
For this purpose let us examine Figs. 7 and 8, in which the dependence 
Of Uy/0, slclO, altcl0, 4p/e and u/e on the energy of the radiation is given for 
aluminium and lead. It can be seen that the contribution of u,/o and u,/o 


to the total absorption coefficient 1s greater in lead than in aluminium. This 
can be explained by the behaviour of the cross-section for these processes 
which, as mentioned previously, increases rapidly with the nuclear charge. 
These curves are characterized by a minimum value, the occurrence of 
which can be easily explained if it is remembered that, as the energy is raised, 
the cross-section for pair production increases, while that for the Compton 
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process decreases. At a certain value of the energy, the increase in the cross- 
section for pair production begins to exceed the diminution of the Compton 
cross-section, so that, at high quantum energies, the linear absorption 
coefficient increases with the energy. At low quantum energies (« < 2) the 
linear absorption coefficient increases as the energy of the quanta decreases 
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Fic. 8. Mass absorption coefficients for lead. 


because of the photo-electric effect and Compton scattering. The value of 
the energy, E,,;,, at which the linear absorption coefficient reaches a mini- 
mum, is different for different substances. Since the Compton cross-section 
per atom is proportional to Z, while that for pair production is proportional 
to Z*, Ein diminishes as the nuclear charge increases. The values of E£,,;, 
for different elements are given in Table 3. It should be noted that for light 
elements E,,;, 1s very large and there is quite a wide energy range where 
the linear absorption coefficient is almost independent of energy. This can 
be seen in the curves for aluminium (see Fig. 7). 
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For every element the whole energy range can be divided into three parts, 
in each of which one of the three processes considered is predominant. 
At low energies the quanta interact with the substance chiefly by the photo- 
electric effect; Compton scattering is the most probable interaction at 
medium energies; and finally, at high energies pair production is the principal 
process. The energy regions in which one of the three processes predominates 
(the limits of which are defined by the relations o, = o, and o, = o,) are 
given in Table 4. 


TABLE 3. THE ENERGY Emin AT WHICH THE LINEAR ABSORPTION COEFFICIENT IS A 
MINIMUM FOR DIFFERENT ELEMENTS 


Element | Emin, MeV | Element | Emin, MeV | Element | Emin MeV 


Zn 7:6 
ZY 5°4 
Cd 44 
Ba 3-9 
W 3°5 
Pb 3°4 
U 33 


OZaWD 


TABLE 4. ENERGY RANGES OF y-QUANTA IN WHICH ONE OF THE THREE PROCESSES 
OF INTERACTION OF RADIATION WITH MATTER PREDOMINATES 


Substance Photo-electric effect | Compton scattering Pair production 
Air E<20 keV 20 keV < E< 23 MeV E>23 MeV 
Aluminium E<50 keV 50 keV < E< 15 MeV E>15 MeV 
Tron E< 120 keV 120 keV < E < 9:5 MeV E> 9-5 MeV 
Lead E < 500 keV 500 keV < E < 4-7 MeV E > 4-7 MeV 


It follows from Table 4 that for light elements the most important process 
over a wide range of energy is Compton scattering. For example, in air the 
photo-electric effect and the pair production process can be entirely neglected 
in the energy range 100. keV < E < 3 MeV. As Z increases, this region 
diminishes sharply and for sufficiently heavy elements (e.g. lead) it practically 
disappears. In other words there is no energy of the y-quanta for which 
the photo-electric effect and the pair production process can be neglected 
in comparison with Compton scattering. 

We shall show that in the energy region in which only the Compton 
process is important the mass absorption coefficient of y-radiation m/e 
depends only slightly on Z. 

Let o. be the cross-section per electron for Compton scattering. The 
number of electrons in unit volume is 


ZA 
Ho —= i 5 
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where Z is the nuclear charge of the substance, 4 Avogadro’s number 
and M the atomic weight. Then 


fb OeNg Z 
; ; G.A WT (1.29) 

It is well known that in the nuclei of light elements the number of neutrons 
is approximately equal to the number of protons. Hence Z/M is constant 
and equal to 4. Hydrogen is an exception; in this case, Z/M = 1. 

Thus, for light elements and their compounds u/o does not depend on 
the nuclear charge of the substance in the energy region where only the 
Compton effect is important. Consequently the linear absorption coefficients 
of y-radiation will be proportional to the density of the substance. If yu, 
is known for one substance, Me for another can be determined from the 
formula 


0 
ea. (1.30) 


The accuracy of this rule is determined by the accuracy of the relation 
Z/M = constant. Table 5 gives the values of Z/M for some chemical 


TABLE 5. THE RATIO Z/M FOR CERTAIN 
ELEMENTS AND CHEMICAL COMPOUNDS 


Substance | Z/M | Substance | Z/M 


Carbon 0°50 | Wood 0-52 
Nitrogen 0-50 | Sodium 0-48 
Oxygen 0-50 | Aluminium {| 0:48 
Air 0:50 | Silicon 0-50 


Water 0:55 | Iron 0°46 


elements and their compounds. With the help of this table it is possible to 
estimate the error arising in the use of formula (1.30). For example, according 
to this expression 
Mair = airsS(itiéid 29 X LO 
Actually, 
water (o FoI M wate 
—— = =—_—— = 850. 
Hair (o Z/ M Jair 


The error of 10 per cent corresponds to the difference in the values of (Z/M) 
for the substances compared, water and air. 


Energy Absorption Coefficients of Quanta 


The linear and mass absorption coefficients defined above determine the 
total probability for the interaction of radiation with the substance, leading to 
either absorption or scattering of quanta. For example, the linear absorption 
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coefficient u is equal to the probability of interaction of the quantum with 
the substance in unit length of path. But it is also very important to know 
the amount of energy lost by a quantum in this distance. The amount of 
energy lost by the quanta (N, in number) in the elementary path d/ is 


dE=N,SEo,f,ndl+N,SEo.f.ndl+ Nj SEo,f,ndl. (1.31) 


Here o,, o, and o, are the cross-sections per atom, S the cross-sectional 
area of the beam of y-quanta, m the number of atoms in unit volume. 

The first term in this expression represents the amount of energy lost by 
the quanta asa result of the photo-electric effect. Nyo,n d/is the number 
of quanta absorbed in the path length d/. On multiplying this quantity 
by E, we obtain the energy lost by the quanta as a result of the photo- 
electric effect. The coefficient f, < 1 takes into account the fact that a part 
of the energy of the quanta is converted to secondary radiation (fluorescence 
and bremsstrahlung). : 

The second and third terms are similar expressions for Compton scattering 
and pair production. The coefficient (. < 1 takes into account, firstly, the 
energy carried off by the scattered quanta in the Compton interaction, and 
secondly, the loss of energy due to secondary effects such as the brems- 
strahlung of recoil electrons. The coefficient f, < 1 allows for the secondary 
radiation produced by the stopping of electrons and positrons in the medium 
and during the annihilation of pairs. 

As already mentioned, the effect of secondary radiation can be neclected 
in comparison with that of the primary radiation. We therefore put 


fo=fo=1 and f,= =. (1.32) 
Then (1.31) will assume the form 
dE = N,SE(oo + ao. + op) ndl. (1.33) 
The quantity 
C= Og {Oe Oy (1.34) 


is called the energy absorption coefficient per atom of the quanta and 


Mg = O,n and ne (1.35) 


4 


are respectively the linear and mass energy absorption coefficients. 

The coefficients y,/o0 for different substances are given as functions of 
energy in Figs. 5-8 and in Appendix IV. It can be seen that, over a fairly 
wide energy interval, the decrease in ,o, is to some extent compensated by 
an increase in o,. The energy absorption coefficient can therefore be con- 
sidered to be approximately constant over a certain energy interval. 

For instance, for the energy interval 0-1 to 2 MeV the value of u, for air 
is (3-4 + 0-4) x 10-°cm-?, and for water (0-029 + 0-003) cm-}. 
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The energy absorption coefficient for air is often required. In Table 6 
we give the values of linear absorption coefficients for air under normal 
conditions (@ = 0-00129 g/cm’), for various quantum energies. 


TABLE 6. LINEAR ENERGY ABSORPTION COEFFICIENTS OF 
y-Rays IN AIR (@ = 0:00129 g/cm) 


E, MeV {| we X 10% mt | E,MeV | yw, x 107,m™? 


0:03 1-79 0:6 0°377 
0:04 0-795 0°8 0°374 
0:05 0-485 i 0-356 
0:06 0°369 1°5 0-328 
0-08 0:304 2 0-304 
0-1 0:299 3 0-271 
0-15 0°322 4 0-249 
0:2 0°346 5 0-235 
0°3 0-371 6 0°223 
0-4 0-379 8 0-209 
0:5 0°379 10 C=200 


Dose of Radiation 


The biological effect of y-rays is determined by the amount of energy 
absorbed by the body. This quantity is called the absorbed dose. The unit 
of measurement of the absorbed dose—the rad—corresponds to the ab- 
sorption of 100 erg/g of the substance for any form of radiation. The concept 
of a dose is used to describe the ionizing effect of X-rays and y-rays in air. 
The dose specifies the ionizing capacity of X-rays and y-radiation in air and 
is measured in roentgens. One roentgen is defined as the dose required to 
produce 1 CGS unit of charge of either sign in 1 cm® of air at O°C and 
760 mm pressure (when the ionization processes are completely carried out). 
Sub-units, the milliroentgen and microroentgen, are also used in practice. 
The relations between the roentgen and other units used for the dose calcu- 
lations are given below. 


1 r corresponds to an ionization in air equal to: 

(a) 1 CGS unit of charge/cm® of air 

(b) 2-08 x 10° pairs of ions/cm? of air 

(c) 1:61 x 10” pairs of ions/g of air 

1 r corresponds to an absorption of energy from y-rays equal to: 

(a) 6°84 x 104 MeV/cm of air 

(b) 0-11 erg/cm? of air 

(c) 84 erg/g of air (assuming that 32:5 eV are required for the formation 

of a pair of ions) 

(d) 5:3 x 10’ MeV/g of air 

Since the energy absorption coefficients of y-radiation depend on the 
energy of the y-quanta, different fluxes are required to produce the same 
dose for different quantum energies. 
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The dose produced in unit time is called the dose rate. Henceforth we 
shall denote this quantity by the letter P. 

Table 6a [61] gives the values of the fluxes of y-quanta N, and the corre- 
sponding energy flux J, = E N,, which correspond to a dose of lr for 
different quantum energies. It can be seen that the energy flux necessary to 
produce a dose of Ir in the energy interval 0-1—-2-5 MeV is practically 
independent of the energy and is equal to (2:1 + 0-3) x 10° MeV/cm?. This 
is a result of the invariance of the energy absorption coefficient mu, in air. 


TABLE 6a. FLUX AND ENERGY FLUX OF QUANTA GIVING A DOSE OF 11 FOR 
QUANTA OF DIFFERENT ENERGIES [61] 


MeV 
2 


E,MeV 
Cm 


Ny x 1079, 


Ny E x 1079, 


E,MeV| N, x 1073, 


cm? 


cm? 


§ 2, MULTIPLE SCATTERING OF y-QUANTA 


Let us suppose that we have a source of monoenergetic y-rays and a 
detector registering the number of quanta falling on it. Consider the passage 
of y-quanta through a layer of substance of a certain thickness x (Fig. 9). 


Fic. 9. Propagation of y-quanta under conditions of “good geometry”. 


Gamma rays emerging from the source S in the direction S A fall on a thin 
cylindrical absorber. Quanta incident on the cylinder can either pass through 
the substance without interaction with its electrons and nuclei, or undergo 
one of the three processes considered above. In the first case they reach 
the detector A (path a). In the second the quanta are either absorbed as 
a result of the photo-electric effect or the production of an electron—positron 
pair (path 5), or they are scattered through a certain angle by the Compton 
effect (path c). We shall suppose that the scattered quanta do not fall on 
the detector A. This assumption will be justified if the radius of the cylinder 
is taken to be very small. In that case, the probability that the path of the 
scattered quanta will lie outside the limits of the cylinder will be large 
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and such quanta cannot reach the detector. The geometry of the experiment 
is then said to be “good”’. 

If N, quanta fall on the left-hand face of the cylinder, the detector records 
the incidence of N(x) quanta on it, and 


NO) = Ne *: (2.1) 
where zz is the linear absorption coefficient of the quanta considered in the 
medium. This law follows immediately from the equation 

—dN(x) = wp N(x) dx, (2.2) 

which represents the reduction in the number of quanta in the path dx, 
and from the boundary condition 

N(O) = No: (2.3) 


Fic. 10. Propagation of y-quanta under conditions of “‘bad geometry”’. 


Here we assume the paths of the quanta in the beam which is incident on 
the absorber to be parallel. 

If the radius of the cylinder (Fig. 10) is comparable with the length of 
the mean free path of the scattered quanta, the attenuation of the beam 
of y-rays is of a different nature. In this case the law (2.1) will no longer be 
fulfilled. For not only quanta emerging from the source in the direction SA, 
but also quanta whose direction of flight does not coincide with SA, will 
enter the detector. Fig. 10 depicts some possible paths for the y-quanta. 
The quantum can enter the detector directly (path a), be scattered through 
a certain angle and then enter the detector (path b), be scattered two or 
more times before arriving at the point A (paths c and d), etc. Some quanta 
do not enter the detector because of their absorption in the substance (pathe). 
A fraction of the quanta, after emerging from the cylinder, do not fall on 
the detector (path /). 

Thus more quanta will enter the detector than in measurements under 
conditions of “good geometry’’. The experimental conditions shown in 
Fig. 10 are called conditions of “‘bad geometry’. They arise whenever the 
dimensions of the medium into which the quanta are penetrating are com- 
parable with their mean free path. 


20 THE PROPAGATION OF GAMMA QUANTA IN MATTER 


Gamma-rays reaching the detector after one or more scatterings will no 
longer possess the energy of y-quanta emitted by the source of radiation, 
because the energy decreases after Compton scattering. The detector will 
therefore register quanta with a continuous spectrum extending from zero 
to the source energy. Under conditions of “good geometry”’ the spectrum 
of quanta arriving at the detector is the same as the radiation spectrum 
of the source. 


a cae 
aay aneene 
7 4nenone 
FS (gee ee a! ieee en ee eae eS 


Fic. 11. Trajectories of three quanta in an iron slab (initial energy 
E, = 0°661 MeV). 


Furthermore, in conditions of “good geometry”’ all quanta arriving at 
the detector are moving in the same direction—along the straight line 
connecting the source with the detector. In an experiment under conditions 
of “bad geometry’’, scattered quanta moving in a direction forming a non- 
zero angle with SA (e.g. the path c in Fig. 10) will also arrive at the de- 
tector. 

The problem of the propagation of y-quanta under conditions of “‘ good 
geometry” is not a difficult one, as the law of attenuation of a beam of 
y-quanta is known. The solution of various problems under these conditions 
is considered in detail in [2,7]. 

For conditions of “‘bad geometry” the problem is far more complicated. 
Not only the intensity of the radiation but also the energy and angular 
distributions have to be taken into consideration. 
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Since the interaction of y-quanta with matter is a process involving prob- 
ability, the paths of the different quanta can have different forms, even 
though they were initially under identical conditions (identical energies and 
directions of motion). This is illustrated in Fig. 11, which depicts the life 
history of three quanta falling on an iron slab 4:5 cm in thickness with 
identical energies (EZ, = 0°661 MeV. Quanta with this energy are emitted 
by the isotope Cs**’.) and direction of motion. The possible paths of the 
quanta are calculated by the method of random sampling (see Chapter IT, 
§ 6). 

Fig. 11 is a projection of the trajectories of the quanta on the two co- 
ordinate planes X Z and Y Z (these planes are perpendicular to one another 
and to the plane of the slab). It can be seen that these quanta have entirely 
different fates. The quantum I, having undergone four Compton scatterings, 
passes through the slab. The quantum II after three scatterings by electrons 
is absorbed as a result of the photo-electric effect. The quantum III is 
deflected through a large angle at the first scattering and is scattered back 
from the slab. The energies and path lengths of these quanta after each collision 
are given in Table 7; m denotes the number of the collision, «, the energy 


TABLE 7. ENERGIES AND PATH LENGTHS OF QUANTA AFTER EACH COLLISION 


Quantum I 


Emerges from 
slab 


Quantum II 
0 1-29 ; 0-74 
1 0:70 . . , 1:13 
2 0-64 : ; : 0-37 
3 0-43 0-70 
Photo-electric 
effect 
4 0-00 ' : ; 0-00 


Quantum III 


0:00 0-69 
0-69 Emerges from 
slab 
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of the quantum after the mth collision, J, the path length after the nth 
collision, and 6 x,,, 0 y, and 6 z, the distances of the mth collision along the 
X, Y and Z axes from the point of incidence of the quantum on the slab. 
The values 


Xt» = et = 1:29 and 


C2 
OXo = OVo — OZ = 0 


correspond to the “zero collision” (n = 0). 

If a large number of quanta are considered, a definite distribution of the 
quanta with respect to energy and direction of motion can be obtained at 
every point in the slab. A complete solution of the problem of propagation 
of y-quanta through the medium should. give these distributions. 

This is true not only in the case of a slab, but also in any other problem 
of y-ray propagation under conditions of “‘bad geometry’’. 

The problem of multiple scattering of y-quanta can therefore be formulated 
as follows: to find the distribution of y-quanta with respect to energy and 
direction of motion at each point of space, given the arrangement of the 
sources of radiation and the scattering and absorbing media, the energy 
distribution of the sources, and the chemical composition and density of 
the scattering and absorbing media. 

The problem can be solved by theoretical or experimental methods. Since 
the equation describing the process of multiple scattering of quanta has 
been established (see § 4), in principle any problem on the propagation of 
quanta in scattering and absorbing media can be solved theoretically. The 
accuracy of the solution will be determined only by the accuracy of the 
probabilities of the different elementary interaction processes in the sub- 
stance. But the solution of this equation presents great difficulties and has 
been made possible only with the construction of electronic computers. 
A considerable amount of theoretical information on the propagation of 
quanta under conditions of “bad geometry”’ has already been obtained. 
In many cases the accuracy of the calculations exceeds the experimental 
accuracy. 

Sometimes it is possible to construct an experimental model in which 
the conditions of propagation of y-rays under investigation can be repro- 
duced either on the actual or on some other scale. 

Such models can be used either for solving special problems experimentally 
or for comparison with theoretical results. 

In this book we shall consider the results of theoretical and experimental 
investigations on multiple scattering of radiation. We shall first examine 
the general principles in the calculation of multiple scattering, introduce 
the concepts of distribution function, build-up factor and other quantities. 
characterizing the properties of the scattered radiation, set up the transport 
equation and describe the various methods of solving it. The results of 
calculations and experimental measurements of the scattered radiation for 
various special geometrical conditions will finally be discussed. 
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§ 3. THE DISTRIBUTION FUNCTION AND QUANTITIES CONNECTED WITH IT 


As mentioned in the preceding section, when a beam of y-quanta passes 
through a substance, secondary or scattered radiation is produced in the 
medium. This radiation consists of quanta which have undergone one or 
more events of Compton scattering. The principal object of the theory of 
the penetration of y-rays through matter is to study this secondary radiation, 
i.e. to determine the nature of the distribution of quanta with respect to 
energy and direction of motion ata certain point of the medium. It is con- 
venient, for this purpose, to introduce a number of quantities which will 
now be considered. 


The Distribution Function 


Let us place a unit area at a given point of space in such a way that the 
normal to it makes the angle Q(8, ~) with a certain given direction (for 
example, the direction from the source to the given point, in the case of 
a point source). Then the function N(r, Q, E) is called the distribution 
function of the flux of quanta with respect to direction and energy, if 
N@, @, E) dQ dE is the number of quanta passing in unit time through 
the given unit area with an energy lying between E and E + dE, through 
an element of solid angle dQ about the direction Q.+ The dimensions of 
the distribution function in the CGS system are cm~? sec~! erg-} steradian-}. 
In the general case N(r, Q, E) should also depend on time, but only stationary 
cases will be considered below. Obviously, the density of quanta with energies 
in the interval dE and directions of the velocity in the interval dQ is 
No@, Q, FE) dQ@-dE/c, where c is the velocity of light. 

In applications of the theory (e.g. when calculating biological doses), it 
is the energy flux through an area at a certain point in space that is usually 
required rather than the number flux. It is therefore useful to introduce 
the distribution function of the energy flux of the quanta, I(r, Q, E), which 
is related to the distribution function of the number flux by the relation 


I(r, 2, E) = E- N(x, Q, E) (3.1) 


The dimensions of /(r, &, FE) in the CGS system are cm~? sec steradian“}. 
The definition of /(r, Q, EL) dQ - d Fis that it represents the amount of energy 
carried by the quanta (the energy of which lies in the interval dF, and the 
direction of motion in the interval dQ) in unit time through that unit area 
whose normal lies along the direction Q. 

The total number of variables on which the distribution function depends 
is six (three space co-ordinates, two angles and the energy). The number 
of independent variables may be reduced, however, if the problem has some 
symmetry. 

For the case of an isotropic point source in an infinite medium (Fig. 12a), 
for example, the distribution function depends on one co-ordinate (the 
distance from the source to the point), one angle (that between the direction 


+ It should be noted that © is a unit vector and dQ a scalar equal to sin 3 dé dy. 
Oe 


24 THE PROPAGATION OF GAMMA QUANTA IN MATTER 


of motion of the quantum and the line joining the source to the point) and 
one energy variable. 


If the source has the shape of an infinite plane and the medium is an 
infinite slab parallel to the plane of the source (Fig. 12c), the number of 
Z 


(b) 


w=cos @ 


(c) 
Fic. 12. 
(a) Radiation from a point source. 
(b) Radiation from a unidirectional source. 
(c) Radiation from a plane isotropic source. 
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variables of the distribution function will also be equal to three (distance 
from the source, angle between the direction of motion of the quantum 
and the normal to the slab, and the energy). This is also true for a plane 
source emitting quanta only in the direction of the normal to the slab 
(Fig. 12b). 


Flux and Current 


The quantity 
Not, E) = { N@, Q, E) dQ, (3.2) 
4% 


known as the flux of quanta, may be introduced for a detector which cannot 
distinguish between quanta moving in different directions. The energy flux 
Ihr, E) of the y-quanta is introduced similarly. The dimensions of these 
quantities are cm~* sec-! erg"! and cm~-? sec“! respectively. 

To visualize the flux clearly, we shall suppose that a unit area has been 
chosen in the form of a circle, the centres of the areas belonging to quanta 
with different directions being situated at one point. Then the collection of 
all the areas will form a sphere of unit cross-section and the flux will re- 
present the number of quanta with an energy in the interval dF incident 
on the given sphere of unit cross-section. The vector 


in(t, E) = f Q: N(r, B, E) dQ (3.3) 


is called the current of the quanta with energy E at the point r. The direction 
of this vector gives the mean direction of motion of photons with an energy E, 
while its magnitude is equal to the number of quanta with an energy F in 
a unit energy interval crossing in unit time a unit area, the normal to which 
coincides with the mean direction of motion of the quanta at the given point. 
The energy current j,(r, £) of the quanta is proportional to the current 
of quanta: 

je(, E) = Ejn@, E) (3.4) 


It is obvious that in the case of an isotropic point source j(r, E) is directed 
along the straight line connecting the source with the point, and for a plane 
source the direction of the current coincides with the normal to the plane 
of the source. 

Therefore for such sources 


liv@, E)| = N,Q, E) = [ NG@,Q, E)o dQ 
4x 


and | (3.5) 
lier, Z| = Lr, E) = [ 1, Q, FE) o dQ, 
4x . 


where w = cos@ (the angle 0 is shown in Fig. 12). 

The difference between the fluxes N, and J, and the currents N, and i, 
should be emphasized. J, and N, give the energy flux and the quantum flux 
at a given point in all directions. J, and N, give the energy flux and the quan- 
tum flux at a given point through a unit area the normal to which coincides 
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with the direction of r in the case of a point source and with the direction 
of x for a plane source. 

The difference between the flux and the current stands out most clearly 
when the distribution function N(r, Q, £) does not depend on the angle Q, 
i.e. the distribution of the quanta is isotropic. In this case, remembering 
that dQ = dwdg, we get from (3.5) N, = 0 and from (3.2) Ny = 47 N. 

The difference between the flux and the current can also be illustrated 
with the example of the readings given by a detector foil. A thin foil in 
which the self-screening effect can be neglected may be regarded as a system 
of spheres (nuclei) separated by large distances and consequently it records 
the flux. Let us now take a thick foil which is a black body for the radiation and 
suppose on one of its surfaces gamma quanta are incident at various angles. 
Then N(@, Q,, £) quanta, incident normal to the foil, and N(r, Q, E) cosé 
quanta incident at an angle 0 to the foil pass through unit area of its 


surface. Thus a thick foil will register the quantity | N@, Q, £)QdQ, 
i.e. the current along the normal to the foil. 


Intensity of Radiation 


The quantity 
J(t) = [ h@, E) dE, (3.6) 


in which the integration is carried out over the entire energy spectrum, is 
called the intensity of radiation. It is the amount of energy passing in unit 
time through a sphere of unit cross-section situated at the point r. For a 
unidirectional radiation, the intensity is the flux of energy passing through 
a unit area normal to the direction of motion of the quanta. 


The Distribution Function, Flux and Current for Unscattered Radiation 


If the characteristics of the source are given (its geometry, intensity, 
energy of the emitted quanta) any of the quantities introduced above can 
be determined quite simply for the primary, i.e. unscattered, radiation. 
The quantities N° and J° will refer henceforth to unscattered radiation. 

Let us find the distribution, flux and current associated with the primary 
radiation for the simplest sources. 


(a) If an isotropic point source emits S quanta with the energy E, in 
unit time, then 


— flo? = 
Pah =e ee. 


1) 
ee UE — 4), (3.7) 


where fy is the linear absorption coefficient for quanta with the energy E,. 
By simple integration with respect to Q we find 


--6(E — E,), (3.8) 


Ra, E) = Ss: Eo: Ae 


and J? = 1, i.e. the absolute value of the current is equal to the flux. To find 
the values of N°, Nj and N° the corresponding expressions for J°, J and J? 
have to be divided by £,. 
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(b) For an infinite plane source emitting S quanta with the energy E, in 
unit time from unit surface in the positive direction of the X-axis (see 
Fig. 12b) we have 


Pr, Q, £) = S- Eye" a 


~ O(w — 1) 
apa tes oa E,) A(x), (3.9) 


where H(x) is the Heaviside function: 


0 for x <0, 
HO) =|) for x >0; 


Ia, LE) = S: E,e-”* 6(E — E,) H(x) (3.11) 
and I?) = 12. N°, N@ and N{ can then be easily found by dividing by £). 


(3.10) 


Build-up Factors 


When a measurement is made at a given point in a scattering medium, 
any instrument registering y-quanta will record both primary and scattered 
quanta, while, under conditions of “good geometry’’, the readings of the 
instrument are concerned only with primary y-quanta. It is convenient to 
represent results of calculations and experiments in the form of the ratio 
of the readings of the instruments under conditions of “bad geometry” 
to those under conditions of “‘good geometry”. This ratio is called the 
effect produced by all the y-quanta 

effect of the primary y-quanta fz Ha Pa ere 
There are several types of build-up factors depending on the nature of the 
recording instrument. | 

(a) If the instrument records only the number of quanta (two quanta 
with different energies and directions are exactly identical for such an in- 
strument) the build-up factor for the number of quanta is used: 


| No(r, E) dE 
[ NS@, E)dE ” 


build-up factor. Thus build-up factor is 


By(r) = (3.12) 
i.e. the ratio of the flux of quanta of all energies to that of the primary 
quanta. 

(b) Similarly, the build-up factor for the energy flux may be defined as 


f I(r, E)dE 


OTT, aE 


(3.13) 
which is the ratio of the amount of energy carried by all the quanta to the 
energy flux formed by the primary quanta. 

(c) A very important quantity is the absorbed dose, i.e. the amount of 


energy lost by the y-quanta in unit volume of dry air at NTP. For this reason 
it is necessary to introduce the build-up factor for the dose 


— fua(E) lot, E) dE 


— fes(E) 1, BE) AE — 


By(r) 
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where y,(E£) is the linear energy absorption coefficient for quanta with the 
energy E for air at NIP. The numerator in (3.14) represents the amount 
of energy lost in unit time in unit volume of air by primary and secondary 
quanta, and the denominator a similar quantity for unscattered quanta. 


(d) If in (3.14) 4,(E) is replaced by the linear energy absorption coefficient 
of quanta in the scattering medium, yw, (E), we shall get the build-up factor 
for energy absorption in the medium we are concerned with: 


[ wi (E) Jolt, E) dE 
£0) == 
J Ha (E) BR, E) dE 
It should be noted that all integrals in the expressions (3.12)-(3.15) should 
be calculated within the limits from 0 to E,,.,, where E,,,, is the maximum 
energy of the quanta of the source. 


It is obvious that B is never less than unity, since the numerator contains 
the denominator as a part of itself. | 


(3.15) 


Attenuation Factors 


In addition to build-up factors, attenuation factors or coefficients are 
often used. These are defined as the ratio of the instrument readings under 
conditions of “bad geometry” to the instrument readings in the absence 
of the scattering or absorbing medium: 


effect due to quanta in conditions of “bad geometry”’ 


Attenuation factor = —— : 
effect due to quanta in the absence of the medium 


As in the case of build-up factors, attenuation factors have to be con- 
sidered for the number of quanta Ky, the energy flux K;, the dose Kp and 
the energy absorption K,. 

For a plane unidirectional (see Fig. 12b) and an isotropic point (see 
Fig. 12a) source with a single energy, it is easy to find the relation between 
the build-up and attenuation factors. It may be noted that the effect produced 
by unscattered quanta when there is a medium is e”* times less (for a plane 
source) and e”” times less (for a point source) than the effect produced 
by quanta in the absence of a medium. Hence for a plane unidirectional 
and monoenergetic source 

| ea om a (3.16) 


and for an isotropic monoenergetic point source 
K = e-" B, (3.17) 
Reflexion Coefficient of Radiation* 


If the medium has the form of an infinite slab and radiation is incident 
on one of its sides, the reflexion coefficient of radiation can be defined as 
the ratio of the amount of radiation reflected from the slab in a certain 


+ The reflexion coefficient is sometimes called the albedo. 
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time interval to the amount of radiation incident on the slab during this 
time. The amount of radiation can be measured both in terms of the number 
of quanta and in terms of the total energy of the quanta. We get accordingly 
the reflexion coefficient Ry for the number of quanta and the reflexion 
coefficient R, for the energy of the quanta. 

Evidently both K and R are always less than unity. For a medium in 
which quanta are not absorbed (a “Compton medium”’) we have the rela- 
tion Ky + Ry = 1. | 

Let us examine somewhat more closely the reflexion coefficient of the 
quanta and the methods for its experimental determination. The reflexion 
coefficient (albedo) is determined in experiments with a narrow beam of 
quanta. If a narrow monoenergetic beam of quanta (Fig. 13) falls on the 


MO1 1A 


Yj, Yj, 
Fic. 13. Reflexion of y-radiation from a surface. 


Narrow beam of y-quanta. 


medium with a flux n, and cross-sectional area A o, then, as shown by experi- 
ment, the reflected quanta will emerge from a region close to the point of 
incidence O of the quanta.f It is therefore possible to define a distribution 
function for the reflected quanta, N(6, E), which depends on two variables 
only: 6, the angle of emission of the quanta, and £, their energy, so that 


dN =n,Ao: 2x N(O, £)siné dd dE (3.18) 


is the number of reflected quanta in the solid angle 2x sin6 d@ and in the 
energy interval from EF to E + dE. The total number of reflected quanta 
can be obtained by integrating (3.18) over the entire upper hemisphere and 
the energy interval from 0 to £,; EZ, is the energy of the incident quanta: 
{2 Ey 
Nrea = 1940-22 [ { N(6, E)sin6 dO dE. (3.19) 
0 0 
On dividing this expression by the magnitude of the incident flux n,4o, 
we get the reflexion coefficient Ry: 
u/2 Ey 
Ry = 2x [{ [ N(, E)sin0 d6dE. (3.20) 


0 0 


{ This fact is not essential theoretically but simplifies the expressions given below. 
PGQ 2a 
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N(6, E) can be determined experimentally by placing the detector at dif- 
ferent points of the upper hemisphere, the radius 7 of which should be 
sufficiently large compared to the region surrounding the point O from which 
the reflected y-quanta chiefly emerge. Generally the detector measures not 
the flux of quanta but the energy flux, so that the energy reflexion coefficient 
is obtained more often from experiments: 

[2 Eo 


Rass z | J N(6, E) Esin0 do dE. (3.21) 


Sometimes another characteristic of the reflected radiation is found in the 
literature on the subject—the build-up factor for reflexion. It is determined 
as follows. Let us suppose (Fig. 14a) that we have an infinitely wide homo- 
geneous beam of monoenergetic radiation. If an isotropic spherical detec- 
tor D with a cross-sectional area Ao is placed in the beam, n, Ao quanta 


D4 
<< A 
Ze Ye 
(a) (b) 


Fic. 14. Reflexion of y-radiation from a surface. 
Wide beam of y-quanta. 


will be registered in unit time (7%, is the flux of the quanta). Let us now place 
an infinitely wide slab of the substance in the path of the beam (Fig. 14b). 
The detector reading naturally increases with the number of reflected quanta 
from the slab falling on it. To find this number let us mark out an elemen- 
tary ring with a radius 4O = r and width dr on the surface of the slab. The 
number of quanta arriving at the detector ss this ring will be 


dNooa = 9° 207 dr 5 el N(6, E) dE, (3.22) 


since m)°2ardr is the amount of inden incident on the ring and 
Ao/(r? + h?) is the solid angle subtended by the detector at the point A. 
The total number of reflected quanta registered by the detector in unit 
time is 

co E, 


Neca = 1 Ao- anf | NO eee on dE. (3.23) 


0 

On introducing the new variable 6 from the relation r = h tanO we have 
1/22 E, 

Nrean = Ao 27 No i [Ne E)—~ 


0 0 


aug 7 dO dE. (3.24) 


INTRODUCTION 3] 


The total number of quanta, direct and reflected, recorded by the detector is 


/2 Eo 


redo + Qo J J NO, E)— aL = 6 sande), (3.25) 


The ratio of this quantity to the incident flux of quanta n, Ao is called the 
build-up factor for reflexion: 


n/2 Eo 
Fy = 142m i J NO, E)— me AOE. (3.26) 
0 
Obviously F,, will be given by the relation 
n[2 E, 
a1 4 ze J [NO EVE ne dOdE. (3.27) 


From expressions (3.20), (3.21), (3.26) and (3.27) it can be seen that the 
quantities Fy — 1 and F,; — 1, which are similar to Ry and R, in that 
they are also characteristics of the reflected radiation, nevertheless, do not 
coincide with the latter. For this reason measurement of the reflected 
radiation gives different results for narrow and wide beams. Since cos@ S 1, 
we always have 

F-1>R. 


Activity of the Source 


The activity is a quantity that denotes the amount of radiation emitted 
by the source in unit time. It may refer to various quantities for an isotope: 
the amount of energy emitted in unit time, the number of quanta emitted 
in unit time, or to other standard quantities like the number of disinte- 
grations in unit time, expressed in curies (1 curie = 3-7 x 10° disinte- 
grations/sec). Henceforth we shall use it to express the amount of energy 
emitted by the source in unit time and denote it by the letter G. 


Qa* 


CHAPTER I 


THE THEORY OF MULTIPLE SCATTERING 
OF GAMMA QUANTAT 


§ 4. THE TRANSPORT EQUATION 


The distribution function of y-quanta satisfies the transport equation 
or equation of radiative transfer. This equation is simply the equation of 
the balance of quanta in six-dimensional phase space (r, Q, £).+ In the 
stationary case, the number of quanta in the element of volume dt = 
= drdQ da should remain constant. To derive the transport equation, 
let us consider the processes in which the quanta can enter the element of 
phase space dt or leave it. 


(a) First of all it is necessary to consider the migration of quanta from 
an element of volume of ordinary space, dr, due to their motion. Since 
N@, Q, «) dQ do is the flux through a unit area, the normal to which lies 
in the direction of Q, the variation in the number of quanta in unit time 
in the volume dz as a result of their free motion has the form 


div [OQ N(r, Q, «)] dr dQ dea. (4.1) 


(b) Quanta disappear from this volume element of the phase space as a 
result of their interaction with matter. If the linear absorption coefficient 
is (x), the reduction in the number of quanta in dt in unit time due to 
this process will -be 

u(a) N@, Q,«) dr dQ de. (4.2) 


(c) The volume element dr may contain a source of quanta with the energy 
« and the direction of motion along Q. Hence in the equation of balance a 
term has to be introduced which represents the number of quanta entering 
the volume element dt in unit time from the source: 


S(r, Q, 0) dr dQ de, (4.3) 


where S(r, Q,«) is the number of quanta emitted by the source in unit 
time in a unit volume around the point determined by the radius vector r 
in a unit energy interval around the energy « and in a unit solid angle 
around the direction of 2. 


(d) Finally, quanta from the volume element dt’ = dr dQ’ da’ can enter 
the volume element of phase space considered, dt = drdQda. The 


‘y+ The review [47] is devoted to the theory of multiple scattering of quanta. 
+ Henceforth instead of E we shall use the dimensionless energy «, i.e. the energy 
measured in units of myc’. 
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energy of these quanta changes from «’ to « and the direction of motion 
from Q’ to & as a result of Compton scattering.f 

If the differential cross-section (differential with respect to angle and 
energy) for transition of quanta from the state (r, 92’, x’) to the state (r, Q, «) 
is denoted by o(Q’ — Q,«' >a), the number of quanta passing in unit 
time from the volume element dv’ to the volume element dt will be equal to 


Ny o(Q’ > QO,’ 3 a) dQda N(x, Q’, «') dQ’ da’ dr, (4.4) 


where 7, is the number of electrons in unit volume. The total number of 
quanta arriving at the volume element dt as a result of the Compton 
scattering will be 


no dr dQ da { dQ’ [{ de’ o(Q’ > Q,«' +0) NG,Q',«'). (4.5) 
47 “ 


In the stationary case the sum of the terms (4.1) and (4.2), which re- 
presents. the reduction in the number of quanta in the volume element drt, 
should be equal to the sum of the terms (4.3) and (4.5) which represent the 
increase in the number of quanta. Dividing all the terms by dt, we obtain 
the transport equation 


div [A N(r, 2, «)] + u(«) NG, Q, a) 
= my | dQ! [ da’ o(Q! > O,«' > «) Nr, ,«’) + S@, 2,0). (4.6) 
4x a 


If this equation is multiplied by « we shall get the transport equation for 
the distribution function for the energy flux of the quanta J(r, Q, «) in the 
form 


div [Q7(r, Q,«)] + w(x) I, Q, x) 
= ny [ AQ’ | da’ =o(0 + 2, 0! > «) Hr, Q', 0!) + s(r, 2,0), (4.7) 
4x fo 


where s(r, 2, «) = « S(r, Q, x). 

The form of the function o(Q’ > &, «’ — «) has to be specified in order 
to complete the derivation of the transport equation. 

This function is the differential cross-section for scattering of the quanta 
into unit intervals of angle and energy in units of m,c?. The form of this 
cross-section was derived in § 1 (see formulae (1.14) and (1.17)). Bearing in 
mind that quantities relating to the initial state of the quantum are marked 
by primes we have: 

o(Q’ > Q, x’ > a) = f(a’, a, y), (4.8) 


where wy is the angle of scattering of the quantum. The following equation 
is satisfied: 

] 1] 

Ro ge + 1 — cosy. (4.9) 


+ In this section primed quantities refer to a quantum before scattering. 
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Thus 
2 ’ 
(0! + 9,0! +0) = 573(=} [= + +2(—-—)+ 
| ZNO Oo Oo o% O 
2 Peg a: 
xs i -=) (1 + lla a2 cos) (4.10) 
Oo oO oi 


Let us now pass over from the energy distribution function to the dis- 
tribution function for wavelengths by using the relation 


T(r, Q,«) da = I(r, Q,a) da. (4.11) 
Introducing the notation 
k(a’, A) = ng mae - + < +2 —-A +A - ay] » (4.12) 


we write the transport equation in the form 
div [Q/(r, Q, 2)] + w(A) IG@, Q, A) 


A 
= faa fax k(y, jy SO oA AA C89) 166, 01,2/) + s(r, Q, A). (4.13) 
4x 0 


We shall consider two special cases. 


(a) A plane source (see Fig. 12b or c). The distribution function depends 
on x and w, the cosine of the angle between the direction of motion of the 
quantum and the positive direction of the X-axis. Hence 

div [Q 7 (x, w, A)] = Q- gradI(x, w, A) = @ a ; (4.14) 
s(x, w, A) = S(@, A) d(x), (4.15) 
and the equation is written in the form 
A 
op EOD Saya) = faa fax k(a’, a) x 
4x 


0 


: OO AA = 08 10, 0) SAO): (4.16) 


(b) An isotropic point source (see Fig. 12a). The distribution function 
depends on r and a, the cosine of the angle between the direction of Q 
and the direction of the radius vector. In calculating the divergence of Q I 
it should be remembered that w depends on the polar angle #. Since the 
gradient in polar co-ordinates has the form 

OL ay OL 
grad / = or ap te se ry 9 (4.17) 
it follows that 
ol Q- ag ol do 


div(QJ) = @: grad] = Q-a eg ne 


lon ee We Oe! 


; a, and ag are unit vectors corresponding to the co-ordinates r and @. 


THE THEORY OF MULTIPLE SCATTERING 35 


Moreover, it is clear that 
dw  0(Q-a,) 
ne wes are ee = Pasay igo 
Q-a,=@, Q-as = Y(1 — w*) and ap = ae = Q-a,. (4.19) 
Hence the first term in the transport equation in this case will have the 
form 


 LL& @ an i=a OT (r, w, A) 


Or pf Ow Gey) 
The expression for the source can be written in the form 
d(r) 6 -—@) 
S(A) 7 ea a (4.21) 


Thus for the case of the isotropic point source we have the following 
transport equation: 


La se 
cp To 1-@? one) = foe favs. a) x 


PF 


. 6(1 + 4’ —A — cosy) 


i Ay ow). d(1 — a) 
5 I(r, 0,4) + SMe. 4.22) 


22 

We have derived the transport equation for a stationary state. If a more 
general case is considered, the distribution function will also depend on 
the time ¢ and a term will have to be introduced in the transport equation 
to represent the variation in the flux of quanta (or energy) in unit time at a 
given point in the phase volume. This term has the form d/(r, A, Q, t)/dt. 
If it is added to the left-hand side of the equation, we shall get the transport 
equation for a distribution function dependent on time. It is evident: that 
the expression for the source should also be dependent on the time. 

It should be noted that boundary conditions must be imposed on the 
transport equation as on every differential equation. But there are serious 
difficulties, not yet overcome, in formulating the boundary conditions for 
the general case. In the simplest case of an infinite medium, the boundary 
condition is formulated as follows: the distribution function must become zero 
at an infinite distance from the sources of radiation. Up to the present time 
the transport equation has been solved for this case only. 


§ 5. METHOD OF MOMENTS 


Most of the theoretical results for multiple scattering of y-quanta have 
been obtained by numerical solution of the transport equation by the method 
of moments, proposed by Spencer and Fano in 1951 [8, 9]. The principal 
results of the calculation are given in [10]. We shall discuss the method 
briefly without going into details of the numerical calculations made with 
electronic computers. 

It should be noted that this method of numerical solution of the trans- 
port equation is applicable to infinite homogeneous media and simple types 
of geometry for the source. Essentially, it is based on the fact that the 
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integro-differential transport equation for the distribution function, which 
depends on three variables in the simplest case, may be reduced to a system 
of coupled integral equations for the space-angle moments of the distri- 
bution function, these integral equations containing one variable only. A 
numerical solution of the system of equations is obtained with the aid of 
an electronic computer and the moments so derived are used to reconstruct. 
the distribution function. 


Calculation of the Space-angle Moments of the Distribution Function 


We shall discuss the method of moments as applied to the case of a plane 
source in an infinite medium and consider the function for the energy fiux 
I(x, @, A). 

First of all we expand the distribution function, which satisfies equation 
(4.16), in terms of Legendre polynomials: 


oe 
An 


I(x, w, A) = I(x, A) P(@), (5.1) 


where P,(qw) is the Legendre aie of degree / and 
1 
I,(x,4) = 2% | I(x, @, A) P,(@) do. (5.2) 
a4: 


I,(x, A) and J,(x, A) are the flux and current of energy respectively, defined 
in § 3. Multiplying equation (4.16) by P,(w) and then integrating over the 
entire solid angle ©, we obtain the system of equations to be satisfied by 
the functions J,(x, A). Let us examine all the terms in the equation in turn. 
The first term on the left-hand side gives 


A 
Dias P,(w) @ a (5.3) 
By using the recurrence relation for Legendre polynomials 
+1 
o Pi(w) = aa Piet) Ae ea 21+ 1 Bye 1 (@), (5.4) 
we reduce the expression (5.3) to the form 
I+1 0h ,1(%, A) i O01, 4(x, A) (5.5) 
21+ 1 Ox 21+ 1 Ox ; 


The second term on the left-hand side gives simply (A) I, (x, 4). The integral 
term on the right-hand side takes the form 


A 
i di! i dQ’ i dQ Py(o) kA’, VLE A= C8Y) I, wo’, H). (5.6) 
0 4x 4x 


To simplify this term we note that dQ’ dQ can be replaced by dQ’ d cosy dy 
(Fig. 15), since such a substitution is equivalent to changing the direction 
of the straight line from which the angle is reckoned. For such a change 
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of co-ordinates the Jacobian is equal to unity. Moreover, from spherical 
trigonometry we have 


cos? = cosy cos’ + siny sin cosy, (5.7) 


where cos? = w, cos?’ = w’, and 7 is the angle between the planes x &’ 
and QQ’ Q. On changing to the variables y and ? we find that (5.6) becomes 


A 1 
{ da! kv, a) i da’ i) d(cosy) EF A = 4 = COSY) I(x, wo’, 4°) x 
0 s 


27 
x i P, (cosy cos® + siny sin®? cosy) dy. (5.8) 
0 


We shall now make use of the addition theorem for Legendre polynomials: 
P, (cosy cos?’ + a sind?’ cosy)= P, (cosy) P,(cos?’)+ 


+2 i. ae i a Pi" (cosp) Pi*(cos#’) cosmy. (5.9) 


Fic. 15. Relation between the angles O and Q’. 


On integrating the Legendre polynomial in (5.8) with respect to 7 the sum 
i (5.9) disappears and the first term in (5.9) is multiplied by 27%. Hence 
after integrating with respect to cosy we obtain 


A 
fda k@,a Pid +4 =a) [ dQ’ I, 0', 7) Pio’), 
0 4x 
or, using (5.2), we finally arrive at the integral term of the equation: 
A 
[Pita —A LO, AVkM, adH. (5.10) 
0 


The second term on the right-hand side of the transport equation after 
multiplying by P,() and integrating with respect to Q becomes S;,(A) 6(x), 


where 
1 


SQ) = 22 f S(A, @) P)(w) do. (5.11) 
~1 


Thus the following system of integro-differential equations for the func- 
tions I,(x, A) is obtained: 
f+1 0h,4(%,A) eo Ll oéh_y(x, A) 
21+ 1 Ox 21+ 1 Ox 


+ 2(A) Li, A) 


= {PL +a -AKW,A L(A) di + S,(A) 6), (5.12) 
0 
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where 7 can take values from zero to infinity. We have thus replaced a 
single equation for a function of three variables by an infinite number of 
equations for an infinite number of functions of two variables. 

To eliminate the spatial variable we introduce the quantities 


n! 


n+] ng 
by [he Aside: (5.13) 


which we shall call the space-angle moments of the distribution function 
I(x, @, A). 

To find the equations satisfied by the moments b, (A), we multiply (5.12) 
by 45+} x"/n! and integrate with respect to x from — oo to + o. On applying 
the rule of integration by parts to terms containing derivatives with respect 
to the co-ordinate we obtain 


pA) byiA) = f A’, A) PLL + A! — A) by A’) da’ + 
0 


Ho 


F a+ 1 {(@ + 1) bn -1,141 + I ba-1,1-1} + Uo S, (A) Ono > (5.14) 


where 
Onn = 1 (m =n), = 0 (m +n). 


In the derivation of (5.14) we have assumed that x" I(x, 2) ~ Oasx— +00. 
This is justified because J,(x, A), roughly speaking, varies exponentially with 
the distance. The equation (5.14) is true not only for n > 0, but also for 
n = 0, if it is assumed that b_, ;, = 0. The infinite system of equations 
obtained determines all the space-angle moments of the distribution func- 
tion I(x, w, A). Solution of the system (5.14) is equivalent, in principle, to 
the solution of the initial transport equation because a knowledge of all 
the moments of a certain function makes it possible to reconstruct 1t com- 
pletely. But, in practice, it is impossible to solve such an infinite system of 
integral equations. A finite number of the low-order moments of the func- 
tion can, however, be found and an attempt made to reconstruct the distri- 
bution function from them approximately. In other words, we shall try to 
replace the infinite system of equations by a system of a finite number of 
equations for the same number of unknowns. 

Let us suppose that we wish to find the energy flux J,(x, A). Let N be a 
positive whole number so large that a knowledge of the moments 5B,,(A) 
(n = 0,1,..., N) allows one to determine the function J)(x, A) with suf- 
ficient accuracy. From the system (5.14) we can see that to determine 
by o(A) it is necessary to know by_,,(A). But the moment by_, ,(A) cannot 
be found without knowing the moments by_» 9(A) and by-_2, (A) etc. Thus 
we reach the conclusion that in order to determine all the moments B,,,(A) 
(n = 0,1, ..., N) it is necessary to find the moments 5,,(A) for the suffixes 
of which the inequality 0S n+/1< N is satisfied. This fact is illustrated 
by Table 8, which is compiled for N = 7. 

To find the moments by5, bi, ..., 079 it is necessary to find all the moments 
b,,, for which the point of intersection of the mth row and the /th column is 


i, 
es ss 
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situated in the triangle formed by the figures in the table. It should be noted 
that no other moments need be found. This is the main advantage. of the 
method of moments. We can determine a finite number of moments quite 
accurately, except for errors in the numerical solution of the equations 
(5.14). The rejected moments do not affect those that are considered. 


eS 


TABLE 8. SEQUENCE OF CALCULATION OF THE MOMENTS 3, ; (A) 


a 
“ANN RWNH SG 
CONNAA PWN = 


The numbers in the table denote the order in which the moments should 
be calculated. For, in order to find the moments b,; no other moments need 
be known and they can therefore be calculated directly. To find 5,, it is 
necessary to find by ;-; and bo,;,;. The moments 5,, are therefore cal- 
culated after the moments b,;, and so on. | 

Thus, in order to calculate a finite number of space-angle moments of 
the distribution function, a certain number of integral equations of Vol- 
terra’s type have to be integrated. Equations (5.14) can be solved on elec- 
tronic computers. We omit details of these calculations as they are of no 
interest to us. 


Reconstruction of the Function I(x, A) from the Space-angle Moments 


The problem of the reconstruction of a function from a finite number of 
its moments admits of many solutions. Moreover, it may be said that there 
is an infinite number of functions with a finite number of identical moments. 
From the entire class of possible functions we should therefore select the 
one which best expresses the space dependence of the function J,(x, A). 
Some physical considerations should be taken into account for. this purpose. 

Suppose we have reason to consider that the function o(x) represents the 
dependence of J, on x fairly well. We shall try to represent J,(x, A) in the 
form 


1,(x, 4) = 0() 5 Sar (A) x". (5.15) 


The coefficients g,,(A) can then be found if the N+ 1 moments },,(A) are 
known. If, for example, we can select the function o(x) in such a way that 
it represents the dependence of /,; on x accurately then 


2,.=1 for n=0, =O for n+0. 
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It is obvious that the better o (x) represents the function J,(x) the less will 
the sum on the right-hand side of the expression (5.15) differ from unity 
in a given interval of variation of x and consequently, the smaller will be 
the number of moments necessary for reconstructing the function J,(x, A) 
with a given accuracy. On the other hand, the greater the number N (the 
number of moments found) the better will the right-hand side of the expres- 
sion (5.15) bring out the nature of the function J,(x, A) and the greater will 
be the freedom in the choice of the function o(x). Thus there are two ways 
of improving the right-hand side of (5.15). Firstly, the number N can be 
increased. The limit to the extent of increase is determined by the limited 
capacities of the electronic computer. Secondly, the function o(x) has to be 
selected as correctly as possible. The best choice of the function (x) depends 
to a certain extent on the range of variation of x. For a distance from the 
source of radiation which amounts to a few mean free paths for y-quanta, 
we can take 
(x) = e-H*, 


1.e. consider that J,(x, A) depends on x in the same way as the intensity 
of unscattered radiation. At short distances from the source, o(x) is chosen 
in a more complex form. 

Usually an expansion in an orthogonal system of polynomials is used 
instead of (5.15). If (x) decreases sufficiently quickly when x ~ +00, a 
system of polynomials p,,(x) (n is the degree of the polynomial) which satis- 
fies the relation 


f Pa) Pm) o(x) dx = bn 


may be constructed. These polynomials are said to be orthonormalized with 
the weight 0 (x). Under certain conditions (generally fulfilled in physical prob- 
lems), an arbitrary function of x can be expanded in a series of polynomials 
P,(x). Let us write down this expansion for the function J, (x, A): 


LGM) = 068) 3 44100) Pal), (5.16) 
where ; 
ani) = f Ine, A) pa(X) dx. (5.17) 


Since p,,(x) is a polynomial of degree 7, a,,,(A) is a linear combination of the 
first (7 + 1) moments and it can therefore be determined if the moments 
are known. If the summation in (5.16) over 7 is terminated at n = N, all 
a,,(A) will be determined by (NV + 1) moments. It is obvious that the ex- 
pansion 


T(x, 2) = 0) 3 dur) Pa) (5.18) 


1s equivalent to the expansion (5.15), since a, (A) are linear combinations 
of the coefficients g,,,(A). But the expansion in the formula (5.18) is more 
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convenient because from (5.17) the coefficients a,,(A) can be immediately 
obtained as linear combinations of the moments 5b, ;(A). 

As an example we may point out that, for a plane source emitting quanta 
perpendicular to the plane of the source in the positive direction of the 
x-axis, the function o(x) is taken in the form 


e(x) =e ™* for x>0, =0 for x <0. (5.19) 


The Laguerre polynomials 


- n} (= Mo x)? 
L, (Uo) Pp Aa (5.20) 
correspond to this weight function. 

For other types of sources the weight function has to be taken in a form 
different from (5.19) and the expansion is carried out in terms of a system 
of orthonormalized polynomials corresponding to this weight function. 

‘Thus by selecting the weight function and calculating the first few moments 
the coefficients a, ,(A), and hence the function J, (x, A), can be found from the 
formula (5.17). It is desirable, however, to know how well the finite sum 
(5.18) represents the function J, (x, A). For this purpose the manner in which 
I(x, A) varies with the number N can be investigated. If, for a certain N, 
the function J,(x, A) is reconstructed from the moments sufficiently well, it 
should remain practically unchanged when WN is changed by one or two 
units. Another way of verifying the correctness of the reconstruction of the 
flux is by varying the weight function. For example, e,(x) = e~°”** may be 
taken instead of o(x) = e-”*, where # is different from unity. If J,(x, A) 
does not depend on the choice of 8, it may be considered that the function 
is represented by the formula (5.18) sufficiently well. This is the procedure 
followed, for example, in [10], where it is shown that, at distances from the 
source amounting to a few free paths of y-quanta, five to eight moments 
are sufficient for the calculation of I,(x, A). 

The method of moments is used in the calculation of the penetration of 
y-radiation to comparatively small distances from the source (up to 15 or 
20 mean free paths of the primary radiation). With increasing depth of 
penetration, the amount of numerical computation increases rapidly and 
the method of moments becomes impracticable. 


§ 6. METHOD OF RANDOM SAMPLING (MONTE CARLO) 


A few years ago a new method of investigation of stochastic processes 
appeared, known as the method of random sampling or the Monte Carlo 
method. Multiple scattering of y-quanta is one of the many problems for 
which the Monte Carlo method is used. Unlike the method of moments, it 
can be applied to problems with any kind of geometry, including cases of 
propagation of y-quanta through finite media. For this reason, the main 
results of the determination of the transmission coefficients of quanta 
through slabs and the reflexion coefficients (albedo) from various media have 
been obtained by this particular method. 
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In this section we shall give a brief account of the principle of the method 
of random sampling and illustrate its basic features with the help of an 
actual example. 

The essence of the method consists in the fact that the complex statistical 
process of the passage of a quantum through matter may be considered as 
a succession of a finite number of random elementary processes (free motion 
of a quantum over a certain path, Compton scattering of a quantum in a 
definite direction, disappearance of a quantum as a result of the photo- 
electric effect or the process of pair production etc.). If the probability of 
each of these processes is known and a source of random numbers (e.g. a 
table of random numbers) is available, the motion of a certain quantum in 
the substance investigated can be reproduced step by step. On reaching the 
stage at which the quantum disappears or passes over to a state in which 
we are interested (for example, the quantum crosses the boundaries of the 
scattering medium) we begin to investigate the nature of the motion of the 
next quantum. If a sufficiently large number of quantum trajectories is con- 
sidered in this way a certain distribution of the quanta according to energy, 
angle or some other quantity may finally be obtained. The method of 
random sampling may be regarded as a “‘theoretical experiment”. If the 
laws of elementary events had been known with absolute accuracy, the 
results obtained by the method of random sampling would have been similar 
to those obtained experimentally. 

We shall describe the main features of the Monte Carlo method with an 
example of the passage of monoenergetic y-radiation through a homo- 
geneous slab of matter. Let the quanta be incident normally on the slab, and 
suppose that we wish to determine the transmission and reflexion coefficients 
of the slab. To study the behaviour of quanta within the slab, it 1s, of course, 
necessary to know the relation between the cross-sections for interaction 
of quanta with matter and their energy. In addition, we must have a source 
of random numbers; Kadyrov’s tables [11], which contain random numbers 
uniformly distributed in the interval 0 to 1, can be used for this purpose. 
The following scheme for calculating the problem can be drawn up on the 
basis of the work of Chavchanidze [12], who considered the scattering of 
charged particles by the Monte Carlo method. 


(a) The free path of a y-quantum after it enters the slab is determined. 
If 4(&,) is the total linear absorption coefficient, then the path of the y-quan- 
tum will lie in the interval from z to z + Az (z varies within the limits 
0 Sz < o) with a probability 


Aw(a 9, Z) = U(X) e740)? Az, (6.1) 


Aw(&»,Z) is the product of e~““)?, the probability that the quantum will 
pass through a distance z without collision in matter, and u(«)4z, the 
probability that it will undergo some interaction with the material of the 
slab in the segment 4 z. The probability (6.1) is normalized to unity, as can 
be easily verified by integrating (6.1) with respect to z from zero to infinity 
(Az — dz). Let us now break up the entire interval 0 to 1 in which w(ao, Z) 
varies into n equal segments Aw = 1/n. Then for each interval Aw, for the 
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variation of w from w, to w, + Aw, we can take an interval 4z, for the 
variation of z from Z, to z, + 4z,, equal intervals Aw corresponding to 
different intervals 4z,. The random numbers A are distributed in the table 
of random numbers with equal probability in the interval 0 to 1. Hence, 
if the entire interval of random numbers is divided into n equal parts, for 
each interval of variation of random numbers 4 A, we can take an interval 
Aw, = 4A,. Thus, for each interval 4.A, we have a corresponding Az, 
from an equation similar to (6.1), 


A Ay = (Hq) C7 4%)? A Z,.. (6.2) 


x, cm 


Fic. 16. Curves for selecting the path of the quantum in iron. 


We can therefore consider that if the number selected by us at random 
from the table falls in the interval 4 A,, the quantum must have experienced 
collision in the segment A z, between z, and z, + 4z,. It is more convenient, 
however, to integrate equation (6.2) and write 


A= 1 — em mloodz, (6.3) 


Now for every random number A selected at random from the table we 
can take a completely determined quantum path z, defined in terms of A 
by the relation 

1 


] 
(oo) log ae (6.4) 


i — 
A graphical representation of A(z) can be used instead of calculations with 
this formula. Since the energy of the quantum varies during its further 
motion, graphs of the function A(z) for u(«) with « < «, are necessary for 
calculating the paths of quanta with energy less than «,. The approximate 
form of the A(z) curves is shown in Fig. 16. The number of curves on the 
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graph is determined by the accuracy of calculation required. From these 
curves and the random number A (ordinate) the path of a quantum (ab- 
scissa) can be immediately found for a given energy of the quantum «. 

If the number chosen at random from the table is larger than A(d), where 
d is the thickness of the slab, then it follows from (6.3), that z > d, i.e. the 
path of the quantum considered is larger than the thickness of the slab. In 
that case we consider that the quantum has passed through the slab without 
interaction. 

To give a clear picture we shall show how the exponential law of attenu- 
ation of primary quanta may be obtained. If a sufficiently large number 
N, of random numbers (i.e. a large number of quanta investigated) is taken, 
they will be distributed fairly uniformly over the interval 0 to 1. Then, in 
the interval of variation of A from A(d) to unity, there will be N,[1 — A(d)] 
random numbers. But this means that 


No[1 — A(d)] = No en #4 


quanta will pass through the slab in accordance with the usual law of 
attenuation of the primary beam. 

If, for the quantum investigated, 4 < A(d), then z < d, i.e. the quantum 
undergoes some process of interaction with matter and its history should 
be followed further.t The process of determining the path of a quantum 
from a random number can be called the “selection” of the path. 


(b) The type of interaction of a y-quantum with matter is now determined. 
The total linear absorption coefficient is the sum of three terms: 

[b= Ug (%o) + Me(%o) + Mp(%), (6.5) 

where fu,,(%) is the linear absorption coefficient for the photo-electric effect, 


L4-(%) for Compton scattering, and u,(%.) for pair production. Hence the 
numbers 


A ar and Ap= 2, (6.6) 


the sum of which is equal to unity, represent the probabilities that a given 
interaction event will result in the ejection of electrons from the atom, 
Compton scattering or pair production respectively. Let us plot a graph, 
with the energy « of the y-quantum along one axis and A along the other. 
Assuming that the relations A,(«), A.(«) and A,(«) are known we shall 
divide the entire region («, A) into three parts: 
I—between the « axis and the curve A,(«), 

II—between the curve A = A,(«) and the curve A = A,(~) + A,(«), 
I11—between the curve A = A,(«) + A,(«) and the straight line A = 1. 


To find out which type of process occurs we take a random number A from 
the table and see in which region of the graph the point («,, A) falls.. The 


+ What has been said above refers to the case of normal incidence of quanta on a slab. 
If the quanta fall at an angle 0, to the normal to the slab, then the projection of the path 
z cosG, in the direction of the normal, and not the path z, has to be compared with the 
thickness of the slab. . 
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probabilities of the occurrence of this point in the regions I, IJ and III are 
respectively equal to the probabilities that the quantum would undergo the 
photo-electric effect, Compton scattering or pair production. If the point 
(%), A) falls in the region I or III we consider that the quantum considered 
has disappeared. If, however, it falls in region II, the quantum does not 
disappear entirely but is scattered through a certain angle, changing its 
energy. In that case we continue to follow the history of the quantum. 

If the energy of the initial quantum is insufficient for the formation of an 
electron—positron pair, the graph considered will not have the region III, 
since in this case A, + A, = 1. 

(c) The scattering angle of the quantum in the Compton process is selected 
in exactly the same way as the path. Since 

ae (do,/dQ2) AQ 6.7) 
J (do,/dQ) dQ 

4n 
(where do,/d® is the differential cross-section for Compton scattering) is 
the probability, normalized to unity, that the quantum will be scattered 
into an element of solid angle 4Q, a certain interval of variation of solid 
angle may be assigned to each interval 1.A = Aw of variation of random 
numbers. 

To convert intervals to numbers we integrate (6.7) as in the case of 
estimating the path of the quantum. We then get 


2x | (do./dQ) sinw dw 


as ') 
a [de/dQ)dQ - oe) 


This fraction represents the probability that the quantum will be scattered 
through an angle between 0 and w (exactly similar to (6.3), where A is the 
probability that the quantum will have a path between 0 and z). Thus a 
completely defined angle of scattering w from the formula (6.8) can be 
assigned to a random number A. The numerator of this expression, which 
we shall denote by o?, is rather complicated: 


oe = w15 {[4 + 10x + 8a? +.03 — (4 + 16x + 160% + 20%) cosw + 
+ (6x0 + 100? + «*) cos?w — 2a? cos*w][2a02(1 + « — « cosw)?]-1 + 
+ «3 (a? — 2x~ — 2) log(1 + « — «cosw)}. (6.9) 


Evidently o7 is equal to the denominator of the expression (6.8), which is 
just the total Compton cross-section of the quantum. Determination of the 
scattering angle w from (6.8) and (6.9) from the random number A presents, 
it is true, certain difficulties in calculation because a sufficiently simple 
inverse relation w(A) cannot be obtained from A(w). It is therefore better 
to carry out the determination of the scattering angle from graphs of 
A(cosqw) plotted for various values of the energy of the scattered quantum. 
Some curves of A(cosw) are plotted in Fig. 17. 
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(d) Since the energy of the quantum after scattering is completely deter- 
mined by the energy of the incident quantum and the angle of scattering 
it can be immediately determined from the relation 


, Oo 
~ TT al — cosa)] Om 


Fic. 17. Curves for selecting the angle of Compton scattering and for 
calculating the energy of scattered quanta. 


The calculation of «’ from this formula presents no difficulty but, for the 
sake of convenience, one can plot the relation «’(cosw) on the graph of 
A(cosw) by directing the «’-axis downwards, as shown in Fig. 17. The 
cosine of the angle of scattering and the energy of the quantum after scatter- 
ing can be immediately determined from a random number with the help 
of this graph. 

(e) The azimuthal angle of scattering y is the next to be considered. If the 
polarization of y-quanta is neglected, the cross-section for their scattering 
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by electrons can be considered to be symmetrical with respect. to the azi- 
muth. The azimuthal angle of scattering has therefore to be found from the 


relation 
y¥=2nA, (6.11) 


which indictaes that any angle in the interval from 0 to 27 has the same 
probability of appearing. 

By performing the operations mentioned above we shall obtain the dis- 
tance covered by the quantum before collision with an electron, the direc- 
tion in which it moves after Compton scattering and the new value of the 
energy of the quantum after scattering. 

If this process of successive selection of all the characteristics of the 
quantum is now repeated we shall obtain the state of the quantum after the 
second scattering, and so on. 


x 


Fic. 18. Relation between the angles 0, and 0,44. 


To find out when the quantum will leave the slab its course has to be 
followed till the sum 5/x; cos6;, where x; is the path and 6; the angle between 


the normal and the direction of motion of the quantum after the ith scatter- 
ing, is greater than the thickness of the slab, d, or less than zero. In the 
former case the quantum has passed through the slab, in the latter case it 
has been reflected. In either case we know the energy of the emergent quan- 
tum and its direction of motion. 
The angle 6,,, is related to the angle 0, by the correlation 
cos, .1 = Cos6, Cosw@, 1 + SinO, SIN@,, 1 COSYn 41; (6.12) 


where w,,, and y,,, are the angles of scattering of the quantum in the 
(n + 1)th collision: w,,, is the Compton angle and y,.,, the azimuthal 
angle (Fig. 18). 

If we also need to know the co-ordinates of the point of mth scattering 
of the quantum, x, and y,, the following formulae have to be used: 
SID Yn .1 SIN@,.4 


SIN(@y.4 —_ Pn) = sin@ 


? 
nel (6.13) 
COSW,,1 — COS6, cos6, . 4 
sind, sind, . 4 


? 


COS (Pn 41 _ Pn) or 
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where , is the angle between the plane ¥ O Z and the plane passing through 
the velocity vector of the quantum after the mth collision and the axis OZ 
(see Fig. 18). Then the components of the path length J, of the quantum 
along the X- and Y-axes after the nth collision will be 

ANG tf. nt COR Da: (6.14) 

Ay, = 1, sin0, sing,. 
The following should be noted in connection with the selection of random 
numbers from the tables. The first random number for the selection of the 
path of the first quantum is chosen at random from the tables. The numbers 
that follow must be chosen according to a certain law (e.g. successively, 
or alternate numbers from any column, etc.). In the numerical example given 
at the end of this section the random numbers for the calculation of the 
trajectory of a quantum are taken one after another 1n succession. 

After the trajectory of one quantum has been calculated, the question 
arises as to how the first random number should be selected for calculating 
the trajectory of the next quantum. Two approaches are possible here. 
First, this number can be chosen after the last random number of the pre- 
vious quantum according to the same law as that used for selecting the 
random numbers for the first quantum. In this case the trajectory of the 
(x + 1)th quantum can be calculated only after that of the nth quantum 
has been calculated. But another method is possible. The first random num- 
bers for the different quanta can be selected according to some definite law 
(e.g. taking them in succession from some row of the tables). This was the 
method used in selecting the first random numbers for different quanta 
in the numerical example given below. 


Numerical example. We shall use the method described for the study of 
the passage of y-quanta emitted by Cs187 (E, = 0-661 MeV, « = 1-29) 
through an iron slab 4-5 cm thick. 

Fig. 19 shows the function u(«) for the linear absorption coefficient tor 
iron, and Fig. 20 the graph for the selection of the type of interaction of 
a y-quantum with matter. It has two regions only, since there will be no 
pair production at the given initial energy. 


(a) We first select the path of the initial quantum (we consider that it was 
incident on the slab in a direction perpendicular to its surface). We open the 
tables of random numbers [11] at any page and choose a number at random. 
Suppose we took the first random number from p.7, which is 0:3590. 
From formula (6.4) or the graph in Fig. 16 we find that J, = 0-78 cm. 
Since the quantum moves along the Z-axis, 


Ax» =Ayo=0 and Az, =0-78 cm. 


(b) We next select the type of interaction of the quantum with the material 
of the slab. The next random number is 0:2115. In Fig. 20 it falls in the 
region II, i.e. the quantum has undergone Compton scattering. 

(c) The angle of scattering is determined from the next random number 
0:-4899 and Fig. 17. The cosine of the angle of scattering is 0-565. 
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(d) The energy of the quantum after scattering is determined from the 
cosine of the angle of scattering. It is «’ = 0:828. 


(e) The azimuthal angle y, is determined from the next random number: 


%, = 0:6410 x 360° = 231°. 


bees 
- eae Aaa eee 


0) O02 04 O06 O8 +10 2 4 


a 


Fic. 20. Graph for selecting the type of process of interaction of the 
y-quantum with iron. 


(f) After the first scattering the angles 6, and y, are simply equal to the 
angles of scattering 0, and y,: 


cos0, = 0565 and g, = 231°. 


The calculation is now continued in the same way, allowing for the fact 
that the quantum now has the energy « = 0-828 and moves not along the 
axis but at an angle to it. To calculate the angles 0, and g, after the second 
scattering the formulae (6.12) and (6.13) have to be used. We continue the 
calculation till the quantum either leaves the slab or is absorbed as a result 
of the photo-electric effect. 

The results of selecting the elementary processes and calculating the 
principal parameters for three trajectories of the quanta are given in Table 9. 
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Here nm denotes the number of the collision (#» = 0,1,2,3,...; n=0 
corresponds to the point of incidence of the quantum on the slab); 4x,, Ay, 
and Az, are the distances along the axes between the nth and (n + 1)th 


collisions; 6 x,,,; = >; 4 x, is the distance along the axis of the point of the 


k=0 

(n + 1)thcollision from the point of incidence of the quantum on the slab. The 
random numbers with which the choice is carried out are given in parenthesis.f 
The calculated trajectories of the quanta are shown in Fig. 11 (§ 2). 

The angular and energy distributions of the quanta, reflected from the 
slab and passing through it, can be found by calculating a sufficient number 
of trajectories. The results of the calculation are usually represented in the 
form of histograms. If the number of quanta “launched” is increased in- 
definitely the histograms become smooth curves. 

We shall now give the formula with which we can estimate the accuracy 
of the results obtained by the Monte Carlo method for the probability, B, 
of the passage of quanta through the slab: 


n 
— — 6.15 
B=, (6.15) 
where 7 is the number of quanta “‘Jaunched”’ and 7 is the number of quanta 
passing through the slab. The probable error r, i.e. that for which the prob- 
ability of an error not exceeding r is 4, is expressed as follows: 


Bd — B) 


No 


he 0-6745 |/ (6.16) 
It is clear that, the smaller the probability of penetration of quanta through 
the slab, B, the larger is the number of quantum histories nm, required for 
‘obtaining the same accuracy. For example, in order that the probable error 
may be 10 per cent for a probability of penetration of 10-7, ~ 10+ tests 
would be necessary. For a thicker shield with a probability of penetration 
of 10-6, 108 histories would be required for obtaining the same accuracy. 
Thus the above method of hand computation can be used only for small 
thicknesses of the slabs and for light materials, because, when the thickness 
of the slab or the nuclear charge of the substance is increased, the number 
of histories required rises sharply, which in turn leads to an increase in the 
time spent on calculation. It is unprofitable to investigate quanta with very 
large or very small initial energies because they are strongly absorbed by 
the material. | 
Electronic computers increase the range of application of the Monte 
Carlo method. The scheme of calculation for an electronic computer is 
exactly similar to that described above. There is of course no need to use 
tables and graphs in machine calculation. Instead of tables of random 
numbers, so-called pseudo-random numbers produced in the machine itself 


y The first random numbers for the different quanta were chosen from the first row. 
The following numbers were taken in succession from the corresponding columns. 
Quantum I corresponds to the first column on p. 7 of the tables [11], quantum III to 
the second and quantum II to the tenth. 
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are used. The laws of selecting any process are fed into the machine in the 
form of a programme. 

When the intensity of radiation is attenuated greatly, the problem of 
calculating the transmission coefficient of quanta through a slab by the 
Monte Carlo method becomes too cumbersome even for electronic com- 
puters. For this reason different types of artificial methods have been worked 
out [50, 66] with which the number of histories, 7), can be reduced without 
increasing the probable error r. For example, weight factors may be intro- 
duced which place more emphasis on those trajectories which have a greater 
probability of penetration. A combination of the Monte Carlo method with 
analytical calculations is used in [50]. 


§ 7. METHOD OF SUCCESSIVE COLLISIONS 


If multiple scattering of y-quanta occurs in a material then, at each point 
of the medium, there will be, in addition to the primary quanta arriving 
directly from the source, quanta which have undergone one or more pro- 
cesses of Compton scattering. The distribution function can therefore be 
written in the form of an infinite sum of terms, each of which is a distribution 
function for quanta which have undergone a certain number of collisions 
with the electrons of the substance, i.e. 


I, Q,0) = SI (, Qo), (7.1) 
n=0 
where [™(r, Q, «) is the distribution function of quanta that have experi- 
enced n scatterings. 
The method considered is based on the fact that the infinite series (7.1) 
can be replaced by the finite sum 


N 
I(r, Q,0) = SIME, Q,«), (7.2) 
n=0 


and the rejected portion of the series does not introduce a large error in the 
calculation of I(r, Q, x). The functions J (r, Q, «) for n = 0,1, 2,...,N 
are calculated either accurately or (more often) by some approximate 
method. Various problems on multiple scattering of y-quanta were solved 
in this way in [13 to 27]. 

It is obvious that, the smaller the dimensions of the medium in which 
radiation is scattered, the smaller will be the contribution of multiple 
scattering to the total sum (7.1). We can therefore say immediately that the 
number N must increase with increase in the geometrical dimensions of 
the medium. The method is unsuitable for determining the distribution 
function at large distances from the source because the contribution from 
terms with large n is significant. 

In principle, the functions J (r, Q,«) with any index n can be found 
with absolute accuracy if they are looked for successively, passing from 
Ir, Q,«) to I¢+Y a, Q, a0). Suppose we wish to find the distribution 
function [+ (,, G, «), where r, is the radius vector specifying the position 
of our point. If the function J (r,, Q,, «;) at an arbitrary point r, in space 
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is known, then, knowing the laws of Compton scattering, we can calculate 
the number of quanta scattered the (7 + 1)th time in an element of volume 
around the point r,, such that the energy of these quanta changes from 
a, tox and their direction from Q, to Q = (r) — 1r,)/|rp — r,|. Furthermore, 
account must be taken of the fact that not all quanta scattered at the point r, 
will reach rpg, but only those that have not been absorbed or undergone 
the (n + 2)th scattering event in the path |r, — r,|. On multiplying the 
number of quanta reaching r, by their energy « we shall obtain the contri- 
bution to [“*Y (7, Q, «) from quanta scattered the (n + 1)th time in an 
element of volume around the point r,. Obviously, to obtain the function 


Wf 


TA 


4Y 


Y/// 
TO y 


MY 
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Fic. 21. Calculation of the distribution function of singly scattered quanta. 


I@*+D (eg, Q, x) the integral has to be calculated over the entire space r,. Thus 
the problem of determining a finite number of functions /™(r, Q, «) can, 
in theory, be solved, since the distribution function of the unscattered 
quanta I(r, QO, «) can be written down easily from a knowledge of the 
formulation of the problem alone. 

We shall illustrate what has been said with a very simple example. Let 
us consider a problem with plane geometry. Let a mono-energetic beam of 
y-quanta be incident perpendicularly on a slab of thickness d, which is 
infinite in two dimensions (Fig. 21). If S quanta with energy «, fall on unit 
area of the slab per unit time, the intensity of the unscattered beam will be 

I (x, w,«) = So em OD 56 —%), OSxxd._ (7.3) 

Let us find the contribution to I(x, w,«) from the volume element 
dv = dw dw 0? do situated at a distance x, from the face of the slab. The 
flux of primary quanta at the point x, is equal to S e~”*™ according to (7.3). 
If m) is the electron density in the medium, then the number of primary 
quanta scattered in the volume element dv in the direction from the point x, 


PGQ 3 
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to the point x into the element of solid angle dQ = dq@ dm and into a unit 
energy interval around the energy « will be 
Se~ “4 n, dv al, % > &), (7.4) 


where 
1 


Piet ee a 
2 °° [1 + a (1 — o)? 

O(1 + 1/o% — I/x« — w) 
x amas as 


a%(1 — w)? 


O(W, %& > &) = (1 + w [1 + a(1 — @)] 


[1 + 


is the Compton scattering cross-section for a quantum with energy «, into 
unit solid angle around the angle ? = cos-1 w and into a unit energy interval 
around the energy «. The flux of quanta at the point x due to quanta scattered 
in the volume element considered, dQ 0? do, can be written in the form 


S e7 40% 1, dQ oe” do o(a, XK > X) e7#(a)e 


re : (7.5) 
and the energy flux through unit solid angle and in a unit energy interval is 
Sx e- 44 no o(W, % > a) e~#HMe do. (7.6) 


To obtain the distribution function I (x, w, «), (7.6) has to be integrated 
with respect to o within the limits 


(d — x) 


0<es= for w>0 and 0OSo0< for w <0. (7.7) 


By using the equation x, = x — ow we finally obtain: 
1 — e-@)- so] x/0 


IY (x, w, 0) = Sa e~*n,o(w, &) > & 7.8 
(x, 6) 50(0% > 9) 8) 
for w > 0 and 
1 — ele (#)- moe] (4-x)/o 
ID (x, wo, «) = Sa e-%* ny ao(@, %) > «) ———_—__—__——. (7.9) 


[A(%) — fa @ 
for w < 0. 

It should be noted that the distribution function of the unscattered quanta 
I(x, w, x) contains two 6-functions: d(w — 1) and 6(« — «,). This corre- 
sponds to the fact that the primary quanta have a definite energy and 
direction. In the function I(x, w,«) there is only one 6-function: 

O(1 + 1/%) — 1/« — w), which connects the direction of the quantum with 
its energy. Thus quanta scattered once can move in any direction, but in 
a given direction they have a unique energy given by the relation 


Xo 


1+a,(1 — @)- a 


= 
For quanta which have experienced two collisions there is no fixed relation 
between the energy and the direction. A quantum that has been scattered 
twice can arrive at a state with a certain direction of motion in different ways. 
For example, the quantum may arrive at a state with w = 1, either by 
suffering collision twice at an angle x, or twice at an angle of 42. Obviously 
the final energy of the quantum will be different in the two cases. From these 
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considerations it is clear that the functions I™ (x, w, «) for n = 2 will not 
contain 6-functions, i.e. the quanta have some freedom in the choice of the 
energy and the direction. 

Calculation of the function I (x, w, «) is considerably more complicated 
than that of I(x, w,«). The distribution function of quanta scattered 
twice has been found in [20] and [25 to 27]. Calculation of the remaining 
terms of the series (7.1) is a very laborious operation, the amount of work 
necessary for finding 7“ (r, Q, «) increasing very rapidly with increase in n. 
Thus only the first three terms of the sum (7.1) can be accurately calculated 
in practice. In conditions in which the terms J (r, QO, «) for n = 3 can be 
neglected, the results of these calculations can be used for obtaining the 
transmission coefficient of the quanta through the slab, the reflexion coeffi- 
cient of the radiation with respect to the slab, the dose produced by quanta 
behind the slab, etc. These conditions are realised when the slab is suffi- 
ciently thin. The problem of the passage of quanta through thin slabs is 
dealt with in [20 to 27]. Only primary radiation and radiation which has 
been scattered once are considered in [25]. Radiation which has been 
scattered twice is discussed in [26] and the case of three or more scatterings 
in [20], [23] and [24]. 

The most important case, however, is the one in which the thickness of 
the slab is several times larger than the mean free path of the primary 
quanta. It is evidently not enough to consider only the first two or three terms 
in the sum (7.1) since some of the higher-order terms can also contribute 
significantly to the distribution function I(r, Q, «). As I™(r, Q, x) cannot 
be calculated in practice for nm = 3 certain simplifying assumptions are 
necessary for its determination. A number of researches [13 to 19] have 
been made on this subject. 

The simplest model for multiple scattering of quanta is used by Faust 
and Johnson [13, 14]. A similar approach has been used in the theory 
of the slowing down of neutrons, and is known as Fermi’s model or the 
one-dimensional model. 

Let us consider the principal features of this model. 


(a) It is assumed that as regards loss of energy all y-quanta (the source 
is considered monoenergetic) behave identically. In each scattering (only 
the Compton effect is considered in these papers) all y-quanta with a given 
energy lose the same amount of energy, equal to the mean energy loss per 
collision. If the energy of the quanta of the source is x), then after the first 
scattering the quantum has the energy «,, which is related to «, by the 
equation 


sc 
= & Jue (7.11) 
where (,0,/0,)) is the fraction of energy retained by a quantum of initial 
energy “, in a Compton scattering event. Quanta which undergo p collisions 
will have the energy 


we (22) Spat. (7.12) 
E 


3* 
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Thus, in Faust and Johnson’s model, the number of the collision charac- 
terises the energy of the y-quantum. 


(b) The real trajectory of a y-quantum, which is a broken line, is replaced 
by a straight line. It is supposed that the scattering of a quantum either 
reverses its direction or does not alter it at all. The probability of the first 
process in the (p + 1)th collision is 


(F), = wet Cae), 4 as 


where the integration is carried out within the limits 0 S$ » S 2m and 
$a = 0 Sa, and the suffix p shows that all the quantities should be taken 
for the quantum energy «,. The expression (7.13) represents the probability 
that a quantum with the energy «, is scattered through an angle greater 


Fic. 22. Calculation of the flux of quanta by Faust and Johnson’s method. 


than 90°. For the model considered it is assumed that such quanta reverse 
their direction, i.e. are scattered through 180°. 

The probability that a quantum will not change its direction after the 
(p + 1)th collision can be found similarly. It is 


(F),> worl (aa), 3 a 


where the integration is carried out within the limits 0 S @ S 2m and 
0 <0 ia. The sum of (7.13) and (7.14) is unity, as it should be. More- 
over, since Compton scattering is biassed in the forward direction, o~ < o* 
always. 

Consequently all the quanta are divided into groups differing from one 
another in energy. The quanta in each group can move either in a positive 
(away from the source) or negative (towards the source) direction. 

Thus the distribution function of quanta scattered p times N (r, Q, o), 
depending in the general case on six variables, is replaced by two functions, 
N®)(r), depending only on the space co-ordinates. This function is no 
longer dependent on the energy, and the angular dependence has been 
transferred into the suffixes of the function. 

Let us consider a plane problem as a specific example (Fig. 22). In this 


case, N®)(x) — Se-m* and N(x) = 0, (7.15) 
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since the primary quanta move in a positive direction only. If the functions 
(7.15) are known, N®(x) and N(x) can be found, since singly scattered 
rays can arise only from primary quanta. Calculation of these functions is 
of course much simpler than the accurate determination of I™(x, w, «) 
from I(x, w,«) made at the beginning of this section. We shall consider 
directly the general case of obtaining the functions of quanta scattered p 
times from the functions N°~?(x) and N?’~)(x). For this we write the 
equation of conservation of the flux in the positive direction, N’ (x), for 
quanta scattered p times: 
d NY) (x) = —u,NY (x) dx + ug_yN?-Y (x) dx + w5_y N?- P(x) dx. (7.16) 
Both sides of this equation express the change in the flux N(x) in the 
segment dx around the point x. The quantities u,, wz and yu; are the linear 
absorption coefficients corresponding to the cross sections o,, 03 and oz, i.e. 
Up = Mp, Mp =NOZ and pw = Ngd;>. (7.17) 
The first term on the right-hand side of (7.16) describes the reduction in 
the flux N(x) due to collisions of the (p + 1)th order in the segment dx. 
The next term is the addition to N(x) due to transition of quanta from the 
(p — 1)th group without change in the direction of motion, while the third 
term represents the contribution from quanta of the (p — 1)th group which 
pass into the pth group with reversal of direction. On dividing (7.16) by dx 
we shall get a system of linear differential equations of the first order: 
dx 
for the functions N®(x)(p = 0, 1, 2,...). 
In exactly the same way one can write for the functions N(x) 
—dN®”) 
ae 


If the slab has the thickness d, the obvious boundary conditions have to 
be imposed: 


= — fy NY + py_y NPY + pp_, NEO» (7.18) 


= — fy NO + wey NOY + bya NPY. (7.19) 


N®)(0)=0 for p+0 (7.20) 
and | 
Nd) = 0. (7.21) 
Equations (7.18) and (7.19) can be integrated very simply. We multiply 
(7.18) by e“?* and note that 
evr * d NY) d(ev?* N®?) 
dx dx : 


Then, taking into consideration the boundary condition (7.20), we shail get 


+ pb, N@) etr* = 


NOx) = ere f e-Me* [uty NEM (R) + pa NEM (@)] dx. (7.22) 
; 


Integration of equation (7.19) gives: 
7 . 
N® (x) = ete [enw e™ [ur N®-Y(x) + wz_y NP-Y(W)] dx. (7.23) 


x 
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The distribution functions of quanta scattered a certain number of times 
can be found successively from (7.22) and (7.23). 

A problem with spherical geometry can be considered in a similar way. 
It is obvious that the flux in this case will differ from the- flux in the plane 
problem by the geometrical attenuation factor 1/r?, where r is the distance 
from the source. 

If the functions NY (x) are known, any other characteristic of the field 
of y-quanta can be found. For example, the energy flux of the quanta at 
a given point x is 


I(x) = 3% [N@(x) + N@(X)]. (7.24) 


Faust and Johnson have studied the multiple scattering of y-quanta emitted 
by Co® in water by the method described above. The functions N(x) 
were calculated for p < 9. Their calculations agreed satisfactorily with 
experimental results. | 

Results of high accuracy should not be expected from the model considered 
above, since it is very approximate. Its advantage is that it can be clearly 
visualized. 

The intensity J of the y-radiation passing through a slab of thickness d 
was calculated in the papers of Hirschfelder and his co-workers [15, 16]. 
The problem considered was that of monoenergetic quanta with intensity A 
incident normally on the slab. The following assumptions were made. 

At each collision, quanta of a given energy are scattered at a certain 
angle, the cosine of which is denoted by o,, where n is the number of the 
collision. In accordance with this, the energy after the mth collision «, is 
related to the energy of the quantum before collision by the relation 


On —1 


a ees Oy -1(1 a On) 


(7.25) 


If the quantum is scattered successively at the angles ?, = cos-!@, and 
0, = cos! @, its direction of motion will form an angle y, with the normal 
which varies within the limits #, + #2 vy. 2 |H%, — Bel, since 


COS 7%. = cos#, cos#, + sin’, sind, cosy, (7.26) 


where @ is the azimuthal angle in the second scattering. To avoid this un- 
certainty it is supposed that all quanta scattered twice move at an angle 
to the normal to the slab whose cosine is equal to the azimuthal mean 
of (7.26), i.e. 


COS Yo = Ox ° We, (7.27) 


since the second term becomes zero on taking the average with respect 
to the azimuthal angle. Similarly we get that, if in the third scattering the 
cosine of the angle is @3, the cosine of the angle between the direction 
of motion of quanta scattered three times and the normal to the slab will be: 


COS X¥3 = Oy Ws Ws, 
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and after n scatterings 


COSY», = Wy We Ws pens Dn. (7.28) 


Now we can calculate successively the intensity of beams of quanta 
scattered a certain number of times. It is clear that 


J®O=— A e- Ho*, (7.29) 


where A = «% S, S being the flux of primary quanta. To calculate J” (x) 
it is necessary to write the equation of balance 


dJM (x) = Up J —L dx — et) dx. (7.30) 
| Xo QO, 
The first term on the right-hand side represents the increase in J™(x) due 
to the transition of quanta from the state J to the state J”. The factor 
&,/x, allows for the change in the energy of the quanta as a result of such 
a transition. The second term represents the reduction in the intensity 
J” (x) as a result of transition of the quanta from J™ to J. The denomi- 
nator of this term takes into account the fact that quanta scattered once 
move in a direction making an angle cos-! @, with the normal to the slab. 
Dividing by dx we obtain 
d J (x) Uo J ~) 
dx 7 1 +o (1 — @,) 


To integrate this equation we multiply both sides by e“*/*:, Then the left- 
hand side will have the form of the derivative 


Hi F(x) = (7.31) 
Wy 


d Ap = 
acess qa Hixon = a Oss Se — [uy - 1/@1] x 
aa [J (x) e ] ers a)° Ho — Halon] >, (7.32) 
On integrating the expression obtained and bearing in mind the boundary 
condition J” (0) = 0, we shall get 


A = = 
JM x)= ee a LE 1 — e7[H0-a/w1] x ; 7.33 
= TF aed — Gime — male be es) 
using equation (7.29). 
Any function J” (x) can be obtained in the same way from the previous 
one J“-)(x). The equation relating these functions has the form 


dJ™ (x) Hee [iy T Pn J"? 
dx Ox Wo*+* Dy 7 4 Wa:* @,-1[1 + Oi (1 — @,)) 


. (7.34) 


Integration of this equation presents no difficulty as it belongs to the 
same type as (7.31), although the right-hand side is somewhat more complex. 

Any number of functions J can be found in this way. One point, 
however, remains to be cleared up. According to what principle should the 
mean cosines © of the angles of Compton scattering be calculated? The 
authors of the papers considered selected @, from the condition that the 
intensity of quanta scattered once, (7.33), calculated by the approximate 
method, should coincide with the intensity obtained accurately. The exact 
value of J (x) can be obtained by multiplying (7.8) by and integrating 
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with respect to » within the limits 0 < m S 22x, with respect to w within 
the limits 0 S w S 1 and with respect to « within the limits 0 S « S a. 
After integrating with respect to m we get 


JO (x) = Qa np Se-# : flo, w) d i shoei ict 
x) = 20 ny Se~”* | wf(%q, w) dw | o¢ —————_ 
' : [A(x) — fy 
0 0 
x 3(1 + - 2-0) S, 
On w 

where 

I, as 1 a2(1 — w)? 


fow®) = 78a | + OF oF +a, oll” 


The integral with respect to « can be calculated simply since it contains 
the 6-function. The integration amounts to a replacement of « by 


Xo 


Ky = 1+, —o)’ (7.35) 
Finally we get 
1 
— eH (%q) - Hoo] x/m 
IND(x) = Inn, A ewe [CF os @) Le AO deo.(7.36) 


: 1 + % (1 — o) [U(O%w) — fg © 


The integral occurring in this expression was found by numerical inte- 
gration for different values of x, and x. After this, ©, in formula (7.33) can 
be so chosen that this formula gives a value of J,(x) coinciding with the 
one calculated from (7.36). As a result the values of ©, given in Table 10 
were found. 


TABLE 10. MEAN VALUES OF @, AS A FUNCTION OF THE ENERGY OF THE INCIDENT 
RADIATION %) AND THE THICKNESS X (IN UNITS OF 1/t49) 


From Table 10 it can be seen that ®, is only slightly dependent on the 
distance, particularly for high energies of the quantum. This makes it possible 
to use the values of @ given in the table not only for the first but also for 
subsequent collisions, taking the corresponding energy for each collision. 

The total intensity of y-quanta passing through a slab of thickness d is 


J(a) = 5 F(a); 
n=0 


N is so chosen that the rejected part of the infinite series does not greatly 
affect J(d). 
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The paper [15] contains calculations of J” (x) for N = 20, taking only 
Compton scattering into account. The results can be written in the form 


J(d) = Ae~“4[1 + apiod + b(Uy d)*], (7.37) 


where a and 5 are coefficients depending on the energy of the incident quanta. 
The values of a and b for three values of the energy are given in Table 11. 

Similar calculations were made in [16] taking into account the photo- 
electric effect and the process of pair production and a similar approach 
has been followed by Maignan [17 to 19]. 

Peebles and Plesset [23 to 25] have calculated the build-up factors during 
the passage of radiation through slabs of iron, lead and uranium with thick- 
nesses of up to 20 mean free paths. The probabilities of the transmission 


TABLE 11. COEFFICIENTS @ AND Bb m of 
AS FUNCTIONS OF Xp a ia Vids | i 
2 0-487 0-030 5 >... be —P, . 
6 0-400 0-008 9 Vettes febok, 
10 0-330 0-004 


of quanta which have undergone 0, 1, 2, 3 collisions were calculated directly, 
while for a larger number of collisions the probabilities were merely esti- 
mated. It should be pointed out here that radiation scattered in a direction 
opposite to the direction of motion of the initial quanta was not taken 
into consideration. This is not a very rough approximation, because the 
number of photons scattered backwards is small compared to the total 
number of scattered photons. Peebles’ calculations showed that, for thick- 
nesses up to 20 mean free paths of the initial quanta, it is not necessary 
to find the probability of transmission of photons that have undergone 
more than 5-6 collisions. As the estimates of the authors show, the error 
in the calculations will not exceed 20 per cent, i.e. about 1 per cent per mean 
free path. 

For a shield thickness approximately equal to the mean free path of the 
incident quantum, it is sufficient to consider only single and double scat- 
terings. The number of quanta that undergo more collisions is quite negli- 
gible. Peebles and Plesset therefore proposed that a thick slab may be 
considered as a collection of thin layers with a thickness not greater than 
one mean free path of quanta with the initial energy. Thus the problem of 
the transmission of radiation through a thick layer of matter is reduced to 
a simpler problem—consideration of the passage of radiation through a 
succession of thin layers, in each of which it is necessary to consider only 
singly and doubly scattered quanta. 

The total number and the total energy of quanta passing through layers 
of lead, iron, uranium and air were calculated in this way. The results of 
the calculations show that this method can be used for quanta with an initial 
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energy in the range 1 to 20 MeV and for slab thicknesses up to 20 mean 
free paths for the initial energy of the quanta. The error in the number of 
quanta arising from the neglect of threefold and fourfold etc. scatterings 
amounts to about 20 or 30 per cent. For small initial energies of the quanta 
(E < 1 MeV) the error will be greater because multiple scattering becomes 
more important when the energy is reduced. In this case, it is necessary to 
reduce the thickness of the elementary layers or use other methods of 
calculation. 


§ 8. ANALYTICAL SOLUTION OF THE TRANSPORT EQUATION 


An exact analytical solution of the transport equation is apparently im- 
possible because of its complex nature. But it can be integrated analytically 
in certain regions of variation of the arguments of the distribution function. 
We shall now pass on to a review of papers [28 to 38] which deal with this 
question. 


Small-angle Approximation 


If the source emits quanta of high energy (of the order of a few MeV), 
then the distribution function can be obtained at energies close to the. 
energy of the source. In that case the transport equation is simplified because 
quanta of these energies are mainly scattered at small angles. The case was 
studied in the papers of Foldy [29 to 31] and Ogievetskii [32, 33]. We shall 
discuss here Ogievetskii’s approach. 

Let a parallel beam of monoenergetic radiation fall normally on the plane 
surface of a layer of the substance. Let us find the distribution function for 
the flux of quanta whose energy is of the order of a few MeV. 

We shall write the transport equation in the form of an infinite system of 
equations for angular moments of the distribution function for the energy - 
flux I(x, w, A); 

I+1 60h,1(%,A) l OT,_1(x, 4) 
2r+1 ax a oe ee) 


= [PL +4 -ADkKW,AL GA) dd + SA) 6@), (8.1) 
Ao 


where [,(x, A) and I(x, w, A) are connected by the relations (5.1) and (5.2) 
and 


k(A', 2) = mys? (=) |< + a 4.90? =Gy and = ay). (8.2) 


When high-energy quanta are considered the terms (2’ — 4) and (4’ — A)? 
in the expression for k(A’, A) may be neglected, for, in small-angle scattering, 
which predominates at these energies, the wavelength varies little compared 
| .  Lfa'y2fa’ A), g 
toA//’ and A4'/A. The expression—~ (5) 5 + 7 is replaced by the approximate 
quantity (A’/A)", where m is some number. If the exponent is determined by 
the method of least squares n is found to be equal to 1-69. Since in the main 
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one is interested in A close to A’, Ogievetskii has taken n = 1-8. Foldy takes 
n = 1, although he points out that it is possible to choose a value other 
than unity. 

The function J(x, w, A) is the flux of energy carried by quanta with the 
wavelength A in a unit energy interval. To go from the energy flux to the 
particle flux N(x, w, A), I(x, w, A) has to be divided by « or, what is the same 
thing, multiplied by 2. Next, from the quantum flux for unit energy interval 
we change to the flux for unit interval of wavelength, i.e. introduce the 
function I(x, w, A) connected with N(x, w, A) by the relation 


N(x, , A) 


I(x, w, A) = N(x, o, A) “. - 7B (8.3) 


Thus we have 
I(x, w, A) 
any Gea 
On dividing (8.1) by A we get a system of equations for the moments 
of the function J'(x, @, A): 
+1 OL1,1(%,4) l O11, A) 
21+ 1 Ox 21+ 1 Ox 


I(x, QO, A) = (8.4) 


+ uA) L(x, A) 


-— | PI +2 —A) (5-)" T(x, A) da! + 6(x) 6(A — Aq), (8.5) 
do 


where a = 2772 n,. The last term corresponds to a source emitting one 
quantum from unit surface in unit time. It may be noted that it is possible 
to omit the source term in the equation and to consider the source as a 
boundary condition. In other words equation (8.5) can be solved without 
the last term but with the boundary condition 


which follows from 


TO, @, A) = 5 6(1 ~ w) 6(A — Ay). 


As already mentioned, for high energy y-radiation, scattering at small 
angles is considerably more probable than scattering at large angles. We 
shall therefore consider the angle @ = cos-!w as small when solving the 
system (8.5). Since, in the ~~ 


P40) = 5S — 


T(x, A) Pi (@) (8.7) 


for the case of small angles, terms with large / are the most important, this 
expansion in Legendre polynomials approximately goes over into an ex- 
pansion in Bessel functions of zero order (Hankel’s transformation): 


FOR cosy = = [ Jn(18) T',(x, a) Ll. (8.8) 
0 
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Here the relation 


lim P, (cos v1 = J,(9) (8.9) 
loo 
is made use of. 


For large / the infinite system of equations is approximately reduced to 


OL \(x, A 
SE + wd) Pie) 


=, ik I (lyi2a — aD (=) "rr, (x, a’) da’ + 6(x) 6(A — A). (8.10) 


This is the equation whose solution is considered in Ogievetskii’s paper. 

To solve equation (8.10) it is necessary to know the relation between the 
linear absorption coefficient u and the wavelength of the radiation 4. With 
the method developed in the paper under discussion equation (8.10) can be 
solved for the case in which (A) can be written in the form 


(A) = Ae®* + Ce??, 
where A, B, C and D are constants, or in the form 


WA) = Sui — Ao) (8.11) 


where #4; are constants. Obviously it is convenient to approximate the ab- 
sorption coefficient by formula (8.11) with a small N, so that the calculations 
do not become too cumbersome. The calculations are simplest when the 
absorption coefficient can be considered independent of the energy, which 
happens in light elements at high energies: for carbon at « = 8, for alu- 
minium at « = 10, etc. This is the case we shall discuss below. We shall 
therefore consider u(A) = Mo. 

Let us apply the Laplace transformation to (8.10). For this purpose we 
multiply it by (A/A,)'8 exp[— (A — A,)s] and integrate with respect to A 
from A, to infinity. Then we shall get (considering the source as a boundary 
condition): 


2 fry a) Aye ~(a-A)s dQ + oe A(z) eae 
Eo (Z.) : to { Tue. (z- : 
co A 


= ; e- U-Ade ga TC V2 — aD (5) Te Vda’. (8.12) 
Io Io | 

After the order of integration in the double integral on the right-hand side 
of this equation is changed it assumes the form 


oe 1\1-8 
i if D(x, 2) (-) da’ | Jo(1 VI2( — A’) e-@-* da 
0 
re 2 


/ \1-8 = | 
=, | T(x, 4) (=) en HAs Ay! [ J(Ite-*2tdt. (8.13) 
0 


Ao 
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Here the new variable of integration ¢ = )[2(A — d’)] is introduced. Using 
the relation 


FEXC Peer 2p dt = ~ enti (8.14) 
0 
and introducing the notation 
3 4 \18 
P@sy= i (=) T(x, 2) e- @-495 AA, (8.15) 
0 


ho 
we get the transport equation after Laplace transformation: 
0 F(x, , 2 
ee) + Uy F(x, 5s) = Semmes F(x, s). (8.16) 
Ox Ss 
To obtain the boundary condition it is necessary to multiply (8.6) by 
(A/A,)''8 exp[— (A — A,)s] and integrate with respect to A from A, to oo. 


Then we get 
F,(0,s) = 1. (8.17) 


To obtain the distribution function I"(x, w, A) the inverse Laplace and 
Hankel transformations have to be carried out on F;(x, s), 1.e. 


6+%c0o fore) 
1 /Ag\*8 1 
P(x, 0, 2) = 5 (3) i, et dg [ F,(x, 8) Jo(1 8) Idl. (8.18) 
0-—icO ) 


Let us pass on to the caiculation of the functions F,(x, 5), i.e. to the 
solution of the equation (8.16). We shall look for F,(x, s) in the form 


F,(x, 5) = e-m= Sm, (s, LX: (8.19) 
n=0 


Substituting (8.19) in equation (8.16) and equating coefficients of identical 
powers of x we get recurrence relations for the coefficients m,(s, 1): 


(a+ Imi.) = <e-the m,(s, 2). (8.20) 


From the boundary condition (8.17) it follows that m(s, 1) = 1. This con- 
dition and the relation (8.20) are sufficient for determining the general 
coefficient of the series (8.19): 


a e225 


m,(s, 1) = (=) 


—— (8.21) 


and consequently the function 


Fi(x, S) 6 Fi (=| 
n=0 5 


n e~ 27/25 


— (8.22) 
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The function obtained can be easily subjected to Laplace and Hankel 
transformation. As a result we find the following expression for the angular 
and energy distribution function of the radiation: 


1 /Ay\FB Lo 
Pe, 0,2) = =—(F soi {5(4 — 44) 8 (8) + 


0 ar J onl 
© AGA) §(2- 4-58") + Ga = ale 


«(5¢) (\-aaw) (R=), 29 
0:7 
0-6 
0-5 
0-4 


0-3 


(A-AO)E (x, A,) 


0-2 


0-1 
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Fic. 23. Evolution of the angular distribution of scattered y-radiation in 
the case of a constant absorption coefficient. 


Normalized angular distribution of radiation scattered more than once at 

depths e = 1, 4 and 6, 2 = 1/30, 4) = 1/34. The discontinuities at ® = 7-1° 

and the change in slope at = 8-8° are caused by the presence of radiation 

components scattered two and three times respectively. As the depth of pene- 

tration increases the distribution becomes smoother. Curve 1: e = 1, Curve 2: 
o = 4, Curve 3: o = 6. 


where 0 = 2)[ax(A — A,)] and u(x) is a unit step function: 
u(x) =1(x>0), =O0(x <0). (8.24) 


The solution obtained has the form of a power series with respect to 
the depth of penetration of y-radiation inside the substance, multiplied by 
the exponent exp[— 4) x], which describes the absorption of the unscattered 
radiation. Each term of this series has a simple physical significance. The 
first term describes radiation which has not been scattered; the second term 
represents radiation scattered once. The remaining terms, as can be seen 
from the relation between the angle and the wavelength, represent the por- 
tions of the flux of y-radiation which have undergone Compton scattering 
twice, three times and so on. 

As was to be expected, the maximum angle of deviation for quanta 
scattered twice 0, = V[4(A —4,)], for quanta scattered three times 
92. = [6(A — A,)], and for quanta scattered n times 0, = /[2n(A — A,)]. 
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The intensity of unscattered radiation is described by the product of two 
d-functions, of radiation scattered once by one 6-function, the intensity of 
radiation scattered twice exhibits a discontinuity at ® = 0@,, the intensity 
of radiation scattered three times is continuous but has a discontinuity in 
the first derivative, the intensity of radiation scattered m times has a dis- 
continuity in the (7 — 2)th derivative. The curve showing the intensity of 
radiation scattered n times is smoothed out with increasing n. The angular 
distribution of y-radiation scattered two or more times has a characteristic 
step-like form for this reason. 

These considerations regarding the continuity of the intensities of multiply 
scattered radiations are also valid for an arbitrary absorption coefficient. 

As the depth of penetration increases, the higher orders of scattering 
become more and more important, the angular distribution smooths out 
and, as will be proved later, tends to the Gaussian exp[—#*/2(A — A,)]. 

The evolution of the angular distribution is shown in Fig. 23. 

To obtain the energy spectrum, (8.23) has to be integrated with respect 


to Q, but since the angles are small dQ = # dé dy. After integration we get 
| ees Ay \8 0 
P(x, 4) =e" s@ — Ao) + (3) To ho 
ae Ao 1-8 @-Mox 
= d(A—A,)e M + (3) C=) 


x +5($) oe mercy ls)” +o: ) (8.25) 


where J, (9) is a Bessel function of the first order of imaginary argument. 

The physical significance of the expansion of the energy spectrum (8.25) 
is as follows: the nth term corresponds to radiation scattered 7 times. On the 
basis of this we can estimate the contributions of multiply scattered radiations 
at different depths to the energy spectrum. 

For @ = 4 the intensity of radiation scattered once forms 96-95 per cent 
of the total intensity of the scattered radiation. 

Already for 9 = 1 it is necessary to take into account radiation scattered 
twice. For an initial energy of = 12 and a final energy of« = 10 in carbon, 
o = 1 corresponds to 44cm; 9 = 2 1s of the order of 1-76 m. 

The following figures indicate how rapidly the series (8.25) converges: 
foro = 2 the third term is 4-5 times less than the second, the fourth 10-7 times 
less than the third, and so on. 

An expression identical with (8.23) was found by a more complex method 
in Foldy’s papers. The physical significance of the different terms of the 
series for the energy spectrum is not explained in these papers. 

The case of a constant absorption coefficient of y-quanta was considered 
above. The case of a coefficient related to the wavelength by the law 


L(A) = My + Ma — Ao) + fa(A — Ay)? (8.26) 
was also investigated in the same way by Ogievetskii. 


The energy and angular distribution function of scattered radiation and 
the energy spectrum of the radiation at different depths of penetration 
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were found in [32]. We shall not write out the expression for these as it is 
cumbersome. 


Penetration of Radiation to Great Depths 


The study of the penetration of y-quanta to very great depths is of interest 
for the consideration of some special problems of shielding. This subject 
was investigated in [33 to 37]. Some preliminary remarks are necessary 
before we pass on to a discussion of the results obtained. 

The qualitative nature of the angular distribution at large depths of 
penetration is determined by the ratio of the initial energy of the quanta E, 
and the energy £,,:;, at which the linear absorption coefficient reaches a 
minimum. If the energy of the primary component of the y-radiation is 
less than that at which the absorption coefficient reaches a minimum, then 
y-quanta scattered at small angles will have a greater penetrating power 
than those scattered at large angles. The angular distribution should become 
more peaked in the forward direction as the depth of penetration increases. 
The small-angle approximation applicable to each scattermg event for 
energies of the order of a few MeV can accordingly be used for large depths 
of penetration. 

On the other hand, when the absorption coefficient decreases with energy, 
photons scattered at large angles will, on average, penetrate more than those 
scattered at small angles. As the depth of penetration increases, therefore, 
the angular distribution will become diffuse and the small-angle approxi- 
mation admissible in each event of Compton scattering becomes incorrect. 

In Ogievetskii’s paper [33], devoted to the determination of the distri- 
bution function of quanta at large distances from the source, the case of 
a constant absorption coefficient and an absorption coefficient increasing 
linearly with wavelength is considered. In these cases, the small-angle 
approximation is justified. The method of moments (see §5) was used 
without numerical calculation for solving the transport equation. 

For simplicity we shall consider only the case of a constant absorption 
coefficient. Equation (8.16) for the distribution function subjected to Hankel 
and Laplace transformation is used as the initial equation: 


Gls) + Mo Fi(x, s) = A e-Ps F(x, Ss). (8.27) 
Ox RY 
With the boundary condition (8.17) this equation has the solution 
[2 
F,(x, s) = exp[— My x] - exp oa exp (- =} 2 (8.28) 


It is very difficult to subject this function to Hankel and Laplace inversion 
(with respect to the variables / and s) without using an expansion in powers 
of x. It is possible, however, to determine the angular moments of the 
distribution function, 


BP" (x, A) = 2a f I(x, A, 8) 07 3 dd. (8.29) 
0 
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For this we remember that 
roe) 4 i 
F(x, 8) = i dA (=) exp[— (a — A,)s] ds- 2a [ I’, A, 8) Jo(18) 8 8, 
0 
Ao 


(8.30) 
and 


J(19) = (8.31) 


From the last two equations one can see that 


(ae) 9), 


1-8 
Z [ aa(+) e-C-AN dg 274 a ef T(x, A, 8) 92" 9-dd. (8.32) 
0 


Hence it follows directly that 
6+i00 
B(x, 2) = (4° i [ eearas \(- 1)" 2" nh (a5 : :) F(x | 
4 A 22% i 7 a 
06—i00 
(8.33) 
Substituting the expression (8.28) in equation (8.33) and effecting the 
Laplace inversion we get the following expressions for the first few moments: 


8 (x, A). = en Mo 150 — A.) + ()"2 
a — Ay) 


~ 10}. (8.34) 
P(x, a = (zy em L(), (8.35) 
Bix, 2) = 16 e-m* (a fo Pee I iy ae. 5 +O), (8.36) 


etc. where J,(0) is the Bessel function of order » of imaginary argument 
and, as before, 90 = 2)[ax(A — A,)]. The zero moment (8.34) coincides 
with the energy spectrum (8.25) calculated earlier. 

It may be noted that the square of the angular deviation is 


82 (x, 2) 
8°(x, a) 


and does not depend on the depth of penetration. 
The moments being now known, the weight function has to be chosen 

in order to obtain the distribution function and we now pass on to this. 
The following expression was found above for the distribution function 

of y-radiation scattered two or more times: 

Ao y en Hox fore) 


a) aay me” _— 


(8) = 


=90 =), (8.37) 


I, 4,8) = >= ( 


where 


b= cap Cae) (arama) #(! ~ axe aay): 
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For large depths of penetration, 0 > 1, large values of m are the most 
important in the series (8.38) and 5b, can be approximately replaced by 


b= “oa (xe) [- zea} _ 


Bearing in mind that the Bessel functions of an imaginary argument can 
be expanded as 
on Oi _ die) 
Iy(@) = 2 (n!)? =e] ’ I, (@) a do ’ 


the distribution function (8.38) at large depths of penetration can be approxi- 
mately written as 


14,0) —5—(3) Gel gen@ - 4@ +1] x 


a 8.41 
* 2x01 sa ay = 

Thus, to find the angular and energy distributions when the absorption 
coefficient is constant at large depths of penetration it is natural to put 
the weight function as equal to 


0, i 
- 24 — Ay) | 
The Chebyshev—Laguerre system of polynomials L, [07/2(A — A,)], with 
1 d" ' 
L,(«) = are ae —— (e~*«"), (8.42) 


will be the ortho-normalized system of polynomials which corresponds to 
this weight function. 

Using the method of polynomial expansions (see § 5) and the values 
of the moments from (8.34)-(8.36), we find the distribution function for 
the y-radiation: 


I(x, 4, 3) = 


ca aro ane oe 
(+) Bie ee x | 50 Ty} 


{Fro - ‘ fr) - cee hi(aq—ay) - 


2 
- [40 - nO +FhO|L(sg—qy)+- |. 649 

The term describing unscattered radiation in (8.43) has been omitted. 
The ratio between successive coefficients of Chebysheyv-Laguerre poly- 
nomials decreases as 1/0, i.e. (8.43) is appropriate when o > 1. This is 
reasonable, since the weight function chosen by us (Gaussian exponential) 
should describe the angular distribution well at large depths. 

Fig. 24 gives the graphs of the normalized angular distribution for mul- 
tiply scattered y-radiation with a primary energy of 17-34 MeV at depths 
o = 4, 8 and 16 at an energy of 9-18 MeV. The curve corresponding to 
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o = 4, is, generally speaking, unreliable, because the expansion (8.43) does 
not converge for this value of 0. The increase in I(x, A, 0) for 0 = 4 when ? 
Increases is explained by the effect of singly scattered radiation at small 
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Fic. 24. Normalized angular distribution of multiply scattered y-radiation 
with an energy of 9:18 MeV. 


Primary energy 17:34 MeV. Curve 1: e = 4, Curve 2: e = 8, Curve 3: e = 16. 
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Fic. 25. Evolution of the angular distribution of y-rays with increase in 
the depth of penetration. 
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Normalized angular distribution of radiation with an energy of 9 MeV scat- 
tered two or more times. Primary energy 12-5 MeV, Curve 1: e = 1, Curve 2: 
= 4, Curve 3: oe = 6, Curve 4: @ = 16, Curve 5: exp[— 8?/2(4 — 4,)]. 


depths. For o = 16 the angular distribution is close to the Gaussian distri- 
bution. 

Fig. 25 shows the evolution of the angular distribution of multiply 
scattered y-radiation with increase in the depth of penetration. The curves 
for 0 = 1, 4 and 6 were calculated by the method considered in the section 
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““Small-angle approximation,”’ and the curve for 0 = 16 by the method of 
polynomial expansions. The Gaussian distribution is given for comparison. 
_ The same paper by Ogievetskii contains an account of an investigation 
of the case when the absorption coefficient increases linearly with the 
wavelength. 

A series of papers [34 to 37] have also been devoted to the approximate 
solution of the transport equation at large depths. It is shown there that 
at large distances from the source there is a tendency for an equilibrium 
to be set up for secondary radiation with an energy considerably 
that of the most penetrating radiation. The distribution of this radiation 
with respect to energy and direction ceasés to c range with increase ‘in the 
depth. Since an increasingly large portion of the spectrum, and hence almost 
‘the entire energy flux, consists of the secondary radiation in equilibrium 
with increased penetration into the substance, the principal characteristic 
of penetration to great depths i is the variation of the intensity of this radiation 
with thickness. _ i | — 

A study of penetration to large depths led to the formulation of certain 
laws which can be summarized as follows. 


(a) The flux of y-radiation from a source giving radiation with energies 
less than Ei, (see Table 22) at large depths can be written as 


en Me® XN, (8.44) 


where k is a constant. This law holds for a plane collimated source. Table 21 
(§ 9) gives the values of k for such a source for different media and energies 
of the source. The values given for k have to be reduced by unity to obtain 
those for a plane isotropic source and by two for an isotropic point source. 


(b) The flux of y-radiation from a source giving radiation with energies 
higher than E,,;, for large thicknesses can be written as 


x7 5/6 exp [— Umin X + H(Umin X)"?] (8.45) 
for an isotropic plane source and 
x7 V6 exp[— min X + H(umin x)? ] (8.46) 


for an isotropic point source, where fyi, 1s the minimum absorption 
coefficient, and A is a constant, the values for which for different substances 
are given in Table 22. 


Diffusion of Low-energy Quanta 


The question of propagation of low-energy quanta (« < 1) in a medium 
was considered by Novozhilov [38]. It was shown that in this case an 
approximation may be constructed, similar to the age approximation used 
in neutron physics [39 and 40]. The age equation is derived starting from 
the assumption that all neutrons with a given initial energy behave identically 
as regards loss of energy. This is true when the energy loss of a neutron in 
a single collision is much less than its energy, i.e. when the neutrons are 
slowed down in a medium in which the nuclei have a mass much larger 
than the mass of the neutron. 
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An age approximation can also be constructed for y-quanta propagated 
in a scattering and absorbing medium. In this case the criterion for the 
applicability of the age equation will be the inequality E < m, c?, where E 
is the energy of the y-quantum, and m, c? is the rest energy of the electron. 
The change in the wavelength 2 = m, c?/E of the quantum during Compton 
scattering through an angle 0 is 

V’ —h=1 — cosO, 


where A and 2’ are the wavelengths before and after scattering. In order 
that the inequality 4 A < A necessary for deriving the age equation may be 
satisfied, we must have A> 1, ie. E < my c?. If (A) denotes the mean 
variation in the wavelength A’ — A as a result of a single act of Compton 
scattering, then 


E(A) = 1 — cosé, (8.47) 
where the mean cosine of Ey angle of scattering is 
—. p) 
= 2 
cos? = a8 A|6/2 + 6A — + pa py: + 
+(1—A-— 6/2 — 32?) log si : ; (8.48) 


where o,(A) is the Compton cross-section and r, the classical radius of the 


electron. The values of &(A) for various radiation energies are given in 
Table 12. 


TABLE 12. MEAN VARIATION OF WAVELENGTH &(A) 
AS A RESULT OF SCATTERING 


a sa | a E(A) 
1 0-708 12 0-940 
2 0-786 15 0:947 
4 0-859 17 0-950 
6 0-904 20 0-955 
8 0-924 ore) 1-000 
10 0-935 


In deriving the age equation we consider the source as emitting quanta 
with the wavelength A, and the angular distribution of the quanta to be 
spherically symmetrical (for the energies considered this is true after a few 
collisions). Assuming that the wavelength of the radiation varies conti- 
nuously, we can write 

dA =u, (A)EA)cdt, (8.49) 


where dZJ is the variation in wavelength in the time dt, and Me (A) is the linear 
absorption coefficient for the Compton process. Thus a unique relation is 
established between the wavelength of the y-radiation and the time that 
has elapsed from the moment of its emission from the source. 

Let n(r, t) dz be the density of quanta at the point r, the time of dif- 
fusion of the quanta lying in the interval between ¢ and ¢+ d¢. For the 
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distribution function n(r, t) one can write the conservation equation 


ont D _ _ divite, 2) — p(t) le De. (8.50) 


We replace the first term on the right-hand side, which represents the 
leakage of quanta, by Dl’? n(r, t), where the diffusion coefficient 


Cc 


3u,(1 — cos@) 


The second term represents the absorption of quanta due to the photo- 
electric effect; ,(¢) is the linear absorption coefficient for the photo-elec- 
tric effect taken for the wavelength A corresponding to the time of diffusion ¢. 
On changing from the distribution function n(r, t) with respect to time to 
the distribution function of the quanta with respect to wave lengths n(r, A) 
using the relation n(r, t) = n(r, A) dA/dt, and differentiation with respect 
to A instead of with respect to time, we get 


<p (0) 6) ERED Me 5) 


= Dy*[n@, a) uA) €(A) c] — be (A) Me (A) ¢ €(A) nt, A). 


After introducing the notation 


g(t, 2) =n AuDEAe t= = [Adu MED!, 


Ao 
x = 34ty(A) Me(A) E(A), (8.52) 
the age equation can be written in the form 
Og(r, T 
<4) = yg, 0) — a2) a0, 1). (8.53) 


By analogy with the case of the slowing down of neutrons, t can be called 
the age of the y-quantum and q(r, t) the slowing-down density. 

Let us consider a point source in an infinite medium. If the source is 
situated at the origin of co-ordinates and emits S quanta in unit time, then 
in addition to (8.53) we have the initial condition 


q(r, 0) = S d(x), 


and the solution of the equation has the form 


q(r, tT) = S(4a 1)-3? «| - - ~ fx se (8.54) 


0 
It should be noted that 


T a 


_ [Ug (A) 
J an a? EAA CET EN 
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Equation (8.54) describes the energy distribution of the quanta fairly well 
when the energy of the initial quanta is low [38]. 

A number of characteristics of y-radiation of low energy can be obtained 
by using the age approximation: 

The average lifetime of a quantum can be easily calculated as follows. 
Let us suppose that N, quanta with the initial wavelength are incident on 
an absorbing medium. Then the change in their number in unit time is 


dN 
ap ee 
and the number of quanta at time ¢ 
t 
N=N, exp (— fH» ¢ at). (8.55) 
0 


By definition the mean lifetime of the quanta is 
- iry/ dN 
a ee geihcaee sa 8.56 
No / ( dt ie ( ) 
0 


t= {tie cexp( — {ued} 
5 0 


By using (8.49) we change back to the variable 4 in the integral. We have 


A 
i dA 
=e | GOED a 


or substituting (8.55) 


a) 


so that we obtain 


co A A 
1 cf H(A) po (2") da” J di’ 
wee “PL Ju ERS)| J uEGD [OEY 
The mean distance covered by a quantum before absorption is 
L=ct. (8.59) 


If the mean lifetime 7 is known, the average wavelength A at which a 
quantum is absorbed can be found from the relation 


1 : dA 
a DED oe 


and the age of the quanta t corresponding to the absorption of quanta is 


bial | 
[I 


2 


i. 


= 3) OOF EOF een) 
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By using (8.54) it can be shown that the root mean square distance from 
the point of emission of the quantum to the point where its age is T is 


R= (6r). 


Hence the root mean square displacement of the quantum during its life- 
time will be 


Pha EOP ister a 


Values of some parameters for low-energy y-radiation in _air for A = 13 
are given below: 


cret hres Ob 0-20 O18 O16 O14 0-12 0-10 

10° ¢ (sec) 1:16 1:08 098 087 £073 0:56 
L(m) 3350 325 292 260 220 170 
‘yR2(m) —-190 182 122 156 136 110 


CHAPTER Ill 


PROPAGATION OF RADIATION FOR VARIOUS 
GEOMETRICAL CONFIGURATIONS OF THE 
SOURCES AND ABSORBING MEDIA 


EAcH different configuration of the sources and the absorbing media has 
its own laws of propagation of radiation, its relationships between the 
amounts of primary and scattered radiation at every point in space. We give 
below the existing solutions of the following specific problems: | 


(1) a point source in a homogeneous medium (§ 9) 

(2) a point source on the boundary of two media (§ 10) 

(3) unidirectional radiation in a homogeneous medium (§ 11) 
(4) reflexion of radiation from a surface (§ 12) 

(5) a plane isotropic source (§ 13) 

(6) a thick radiating layer of absorber (§ 14) 


YW Infinite absorber. Yj YY Mi 


(a) (b). 
Fic. 26. 


(a) Point isotropic source in a homogeneous medium; 
(b) Point isotropic source in a homogeneous medium with a spherical cavity 
_round the source. | 


Source x Ad Source x BY 
Lng : —~ es 
ae 7 L : 
p ———*\¥ Detector Medium }<«———-_ p Detector 


Medium I a 
Medium II 3 “ Vacuum or medium 
a (a) with large Z (b) 
Fic. 27. 


(a) Point source near the boundary of two media; 
(b) Point source in a medium near a boundary with a vacuum or a medium 
with large Z. 
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Unidirectional radiation 


Unidirectional radiation 


THE PROPAGATION OF GAMMA QUANTA IN MATTER 


Infinite medium 


Vacuum SPLLLS Vacuum Vana 
Absorbing 15 
shield ye = 
/ 3 
O Detector fur 
Ye oe: 
4 / 6 
7 r /* 
Y 73 
/3 
15 
7 
(a) 
Semi- infinite c 
medium 2 SS 
S 
me] 
9g 
3 - O Detector 
—_—__-—_» r—+O Detector Ss 
$ Se 
2 ‘ 
—— 2 of\. 
5 


(c) (d) 
Fic. 28. 


(a) Unidirectional radiation incident on an absorbing shield; 

(b) Unidirectional radiation propagated in an infinite medium; 

(c) Unidirectional radiation incident on a semi-infinite absorber; 

(d) Oblique incidence of unidirectional radiation on an absorbing shield. 


@ 
Reflected 
radiation 


Reflected 
radiation , Isotropic 
Vacuum / Source 


Reflecting med ium 
(a) (b) 
Fic. 29. 


(a) Reflection of a narrow beam of y-rays; 
(b) Reflection of radiation from an isotropic point source. 


Reflecting medium 


Infinite Detector Semi-infinite 
medium “I medium (air) 7” f Detector 


rn fee tee 


; : . . Dense medium 
Plane isotropic Plane isotropic (water or earth) 


source source 


Fic. 30. 


(a) Plane isotropic source in a homogeneous medium; 
(b) Plane isotropic source on the boundary of two media. 
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The geometrical configurations of the absorbing and scattering ‘media, 
sources and point of measurement for all the problems considered in 
Chapter III are shown in Figs. 26 to 31. 


© Detector 
Semi - infinite 


medium 
(earth,water) 


Fic. 31. A thick radiating layer of absorber. 


§ 9. A POINT SOURCE IN A HOMOGENEOUS MEDIUM 


This problem, the geometrical conditions for which are shown in Fig. 26a, 
has been extensively investigated both experimentally and theoretically. The 
most complete data have been obtained by the numerical solution of the 
transport equation by the method of moments. 


Intensity and Dose of Gamma Rays 


In the problem considered y-radiation is propagated with spherical sym- 
metry. The intensity and dose of y-rays (see § 3), like all the other charac- 
teristics, depend on one geometrical parameter only—the distance from the 
source 7. 

The intensity J and the dose rate P of the y-rays can be expressed as func- 
tions of r by the formulae 


z)emr 1-48 x 10-5 jig (ait) $ (9.1) 


= Kol Gap 
where B, and Bp are the build-up factors for the energy and the dose 
respectively. They are functions of r. 


K, and Kp are the attenuation factors of the energy and the dose respec- 
tively. They are functions of r. 


); 1-48 x 10-5 4g, (air), 


J, and P,—trespectively the intensity and dose rate at the point of mea- 

surement, due to the primary radiation only. 

G—the y-activity of the source. 
1/4 r2—the geometrical attenuation factor of the primary radiation. 
e-“»'__the attenuation factor of the primary radiation as a result of 
interaction with matter. 

Mao (air)—the energy absorption coefficient for E = £, for air with a 
density of 0-00129 g/cm’. For 100 keV < £ < 2:5 MeV, 

Mao (air) = 3-15 x 10-° + 20 per cent cm. 
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If G is expressed in units of MeV/sec, r in cm, fy in cm~1, then J(r) and 
P(r) will be expressed in MeV/sec cm? and r/sec (roentgen/sec) respectively. 
The numerical factor 1-48 x 10-* is introduced in formula (9.1) in order 
that P(r) may be expressed in r/sec for the other units mentioned. 

_ Ifr is expressed in units proportional to the density of the substance, for 
example in units of uw, r, the values of Bz and By will not depend on the 
density of the substance, if Z for the substance remains unchanged. For this 
reason the dependence of the build-up factors on uy r, and not on 7, is usu- 


ally given in the tables. The values of y/o in cm?/g are given in Table 13. 


TABLE 13. )/o FOR DIFFERENT ELEMENTS IN cm?/g. 


Radiation 
Energy H,O Al Fe 
E,, MeV . 


Sn W Pb U 


TABLE 14. WATER. ISOTROPIC POINT SOURCE. 


Energy Build-up Factor Bz 


Mol 

Ey, MeV 

rr) 2)]*¢)7 i) )s | » 
0-255 3°16 6°94 20-6 — 61-1 134 358 759 
0-5 2°56 5°10 13°5 35-0 68°1 153 283 
1-0 2°10 3°58 7°42 15-2 25:1 45:7 73-2 
2:0 1-73 2°55 4-40 7°51 10°9 17-1 24-2 
3-0 1-58 2°18 3°42 §°35 7:35 10-7 14-3 
4-0 1-47 1-95 2°91 4-37 5°85 8°34 10:7 
60 | 1:36 1-72 2°40 3°39 4-36 6:28 | 7°35 
8-0 1-30 1-59 2°05 2°91 3°67 4°85 5-94 


10-0 1:26 1°51 1-97 2°63 | 3°26 4-26 5°19 


Dose Build-up Factor Bp 


23°0 72°9 ~ 166 456 982 

14-3 38°8 776 178 334 
7°68 16:2 27°1 50°4 82:2 
4°88 8°46 12-4 19-5 27°7 
3°91 6°23 8-63 12°8 17:0 
3°34 3°13 6:94 9:97 12:9 
2°76 3°99 5°18 7:09 8°85 
2:40 3°34 4-25 5°66 6°95 


219 | 2°97 3°72 4-90 5°98 
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TABLE 15. ALUMINIUM. ISOTROPIC POINT SOURCE. 


Energy Build-up Factor Bz 
Mo r 
E,, MeV 
1 | 20 
0:5 245 | 10-0 22°94 152 
1:0 2:01 : 6°52 12-95 : ; 58-1 
2:0 1-67 : 4-21 TZ ; ; 23-2 
3-0 1-53 3°33 5°31 ; : 14-9 
4:0 1-44 2°82 4-28 ; : 11-2 
6:0 1-33 : 2°37 3°47 ; : 8-60 
10-0 1:22 ; 1-91 2°64 ; 6°18 


Dose Build-up Factor Bp 


TABLE 16. IRON. ISoTROPIC POINT SOURCE. 


Energy Build-up Factor B 


0-5 19-2 55:6 


1-0 16-2 42-7 
2-0 10-9 25-1 
3-0 8-51 19-1 
4-0 71 2 16:0 
6-0 6-02 14-7 
8-0 ° ]- ° . 5:07 . 13:0 


— 10-0 4-35 12-4 
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TABLE 37. Trn. IsoTROPIC POINT SOURCE. 


Energy Build-up Factor Br 


Dose Build-up Factor Bp 


0:5 1-56 2:08 3-09 4-57 6°04 8°64 = 

1-0 1-64 2:30 3°74 6°17 8°85 13-7 18-8 
2:0 1:57 2:17 3°53 5°87 8°53 13°6 193 
3°0 1-46 1:96 3°13 5°28 791 13:3 20°1 
4:0 1-38 1°81 2°82 4-82 7-41 13-2 21:2 
6°0 1-26 1°57 2°37 4-17 6°94 14:8 29°1 
8-0 1-19 1-42 2°05 3°57 6°19 15°] 34-0 


10-0 1-14 1°31 1-79 2°99 3:21 12°5 33-4 


TABLE 18. TUNGSTEN. ISOTROPIC POINT SOURCE. 


Energy Build-up Factor Br 


. (7-10) 
3°79 3°10 7:39 (9-66) 


3°0 3°69 5°26 8°47 12-4 
4:0 3°53 5°40 10-1 17-4 
3°07 3°15 12-3 27°8 


20°8 


Dose Build-up Factor Bp 


0°5 1-28 1-50 1-84 2:24 2°61 3°12 ae 


1:0 1-44 1-83 2°57 3°62 4-64 6°25 (7-35) 
2:0 1-42 1°85 2°12 4-09 327 8:07 (10-6) 
3:0 1-36 1-74 2°59 4-00 3°92 9°66 14:1 
4:0 1-29 1°62 2°41 4-03 6:27 12:0 20:9 
6:0 1-20 1-43 2:07 3°60 , 6°29 15-7 36°3 
8-0 1-14 1-32 1°81 3°05 3°40 15-2 41-9 


10-0 1-41 1-25 1-64 2°62 4°65 14-0 39:3 
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TABLE 19. LEAD. ISOTROPIC POINT SOURCE. 


Energy Build-up Factor Br 


Dose Build-up Factor Bp 


0:5 1-42 1-69 2:00 2:27 2°65 (2°73) 
1:0 1-69 2°26 3°02 3°74 4:81 5°86 
2:0 1°76 2°51 3°66 4-34 6°87 9-00 
3-0 1-68 2°43 3°75 5°30 8°44 12°3 
4-0 1°56 2°25 3°61 5°44 9-80 16°3 
6:0 1-40 1:97 | 3°34 5°69 13°8 32°7 
8:0 1-30 1-74 2°89 3°07 14-4 44-6 
10-0 1-23 1-58 2°52 4-34 12°5 39-2 


TABLE 20. URANIUM. ISOTROPIC POINT SOURCE. 


Energy Build-up Factor B; 
Mol 
Ey, MeV 
1 | 2 | 4 | 7 | 10 | 15 | 20 
0-5 1:17 | 1:29 1-48 1:67 1-84 2:05 — 
1:0 1-30 1-54 1-94 2°45 2:91 3°59 — 
2:0 1-30 1-59 2°13 2:92 3°71 5-01 (6-08) 
3-0 1:25 1-51 2°07 3-01 4-10 6°26 8-77 
4-0 1-21 1-43 1-93 2:88 4-11 6:92 10:9 
6:0 1-14 1-30 1-70 2°61 4-08 8-75 | 18-3 
8-0 1:10 1-22 1-53 2:27 3°61 8-69 20-9 
10-0 1-08 1:17 1-42 2:02 3°16 8-04 20-8 


Dose Build-up Factor Bp 
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In Tables 14 to 20 are given the values of the build-up factors for the dose, 
By, and the energy of the radiation B,, for a point isotropic source in 
various homogeneous media. Curves showing the variation of Bp for water, 
iron and lead with ur for various energies E, of the primary radiation are 


given in Fig. 32. 
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Fic. 32a. Dose build-up factors Bp for 
water as functions of the energy E, of the 
radiation. 


The abscissa is the distance from the source 
in units of “yr. 
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Fic. 32b. Dose build-up factors Bp for 
lead as functions of the energy Ey of the 
radiation. 


The abscissa is the distance from the source 
in units of uy r. 


It is obvious that the build-up factors increase with distance from the 
source (the scattered radiation becomes more important). In light elements, 
for a given distance from the source, “the build-up factors increase with 
diminution in the initial energy of the radiation. This is because the Compton 

met Ae ALY 
scattering becomes less and less forwardly directed as the energy of the 
quanta decreases. For heavy elements (for a given distance from the source) 


the build-up factors reach a maximum at energies whe 


the most important 


part is played by Compton scattering. For higher and lower energies of the 


LTS AG 


PROPAGATION OF RADIATION 85 


quanta, the build-up factors are reduced because of the absorption of the 
quanta due to the photo-electric effect.and the process of pair production, 
The accuracy of the build-up factors given in the tables is estimated by the 
authors of [10] as +5 to +15 per cent for heavy elements (depending on 
the value of uy r) and + 25 to 30 per cent for light elements. — 

The build-up factors given in the tables can be obtained experimentally 
by using the results of direct measurements of doses and intensities of 
radiation at various distances from a point source situated in a sufficiently 
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Fic. 32c. Dose build-up factors Bp for iron as functions of the energy E, 
of the radiation. 


The abscissa is the distance from the source in units of uy r. 


large homogeneous medium. The largest amount of experimental data for 
the geometrical conditions considered is available for water. The data 
obtained in these experiments are characteristic for the propagation of radi- 
ation in media composed of light elements, e.g. air, soil, in which the pre- 
dominant process of interaction of radiation with matter is Compton 
scattering. Experimental studies have been made of the propagation of 
radiation from Co (E, = 1-25 MeV) up to wor x 15 [41, 42, 43], Au 
(EZ, = 0°41 MeV) [41, 42], Na®* (A, = 1-4 and 2:8 MeV) [41, 42], Th? 
(E, = 2°62 MeV) [44], Na” (the line E, = 2-8 MeV) [41] and for radiation 
with E, = 6 MeV [45]. In all experiments except those with Au?® there is 
complete agreement between theory and experiment. For y-rays from Au? 
the coefficients Bp obtained experimentally are 20-25 per cent less than the 
theoretical, which, however, is close to the limits of accuracy of the cal- 
culations. It will also be remembered that for low energies the method of 
moments is no longer accurate. 
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The values of the build-up factors are given in Tables 14 to 20 only up to 
gt < 20. An asymptotic form of the law of attenuation of intensity and 
dose rate of the gamma rays has been found [35] for greater distances from 
the source. For EF < Enin (Emin 1S the energy at which yy takes the minimum 
value {min), i.e. for the case when the scattered radiation is less penetrating 
than the primary, the asymptotic relation has the form 

J ~ em hor pk-2, (9.2) 
For the case EF > Enin | 


J~ 1-18 exp[— Umin 2 + A (Umin’)*]. (9.3) 
The coefficients k, Umin, H, Emin ate given in Tables 21 and 22 [46]. 


TABLE 21. COEFFICIENTS k FOR ASYMPTOTIC LAWS OF PROPAGATION OF RADIATION 


E,,Mev| 4,0 Al Fe Sn Pb | U 


1 


TABLE 22. COEFFICIENTS Lmin, Emin AND H FOR ASYMP- 
TOTIC FORMULAE FOR THE PROPAGATION OF RADIATION 


Substance [ Umin, cm?/g | Emin, MeV H 


0:0167 - 


Water 40 2°0 
Aluminium 0-0216 21 2:1 
Iron 0-0300 2°8 
Tin 0-0351 2°6 
Tungsten 0-0391 2) 
Lead 0-0410 


Uranium 0:0425 


The coefficient k, obtained experimentally [41, 43] for y-rays of Co® in 
water, is in agreement with the data given in Table 21. The coefficients Bp 
and B, can be determined by interpolation from: the data given above. 
Hence the intensity and the dose rate of the gamma rays at any distance 
from a point source in a homogeneous medium for any element can be 
found from these data. 
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The coefficients obtained for an individual point source can be used for 
calculating intensities and doses produced by extended or distributed sources 
with various configurations in a homogeneous medium, because any real 
extended or distributed source consists of a number of point sources. In 
this case the result can be obtained by integrating the doses from the indi- 
vidual point sources. For such an integration it is desirable to have an 
analytical expression for the build-up factors. 

The most convenient method is to approximate the factors B, and Bp in 
the form of a sum of exponential terms, so that the general form of the 
well-known integrals derived for various particular cases of propagation 
of primary radiation from the source neglecting multiple scattering can 
be retained. 

Such an approximation is given in [10] and the following expression is 
obtained for the build-up factors B: 


B= A, e7*e" 4 (1 — Ay) enema, (9.4) 


The values of the coefficients 4A,, «,, «, for water, aluminium, iron, tin, 
tungsten and lead are given in Table 23 and Fig. 33. 

In accordance with formulae (9.4) and (9.1) the law of attenuation of the 
intensity of the radiation with distance from the source is expressed by the 
formula 


G 
J = [Ay eo” + (1 — Ay) eh") Ge =| om 


G 
- Ger [Ay e- Grenier 4 (1 — AyenGraur], (9.5) 
i.e. the law of attenuation can also be written in the form of a sum of two 
exponential expressions. | 

The law of attenuation of radiation can also be represented [28] in the 
form of an expression with one exponential term other than (9.1), e.g. 


G G 
— 4 ~Ke r — —rfa, im é 
J aoe Oe Type eee (9.6) 


Correspondingly 
ow eer + 1-48 x 10-5 ug (air). 


4x r? 


Here « is a dimensionless coefficient, somewhat larger than unity; u.;;, the 
effective linear absorption coefficient, which is always less than Mo; Aer; the 
effective mean free path of the radiation in matter; Aggp > Ap- 

The coefficient .,, is a direct characteristic of the effective shielding pro- 
perties of the medium, since it determines the attenuation of the radiation 
per unit length of the absorber under the given geometrical conditions, 
taking into account both the primary and the scattered radiation. 

The coefficient A.-, also can be visualized and is convenient for practical 
calculations. It determines the effective thickness of the shielding layer for 
which, under the given geometrical conditions, the intensity of the radiation 
is reduced to 1/e of its value. 
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TABLE 23. COEFFICIENTS A,, %,; &2 FOR THE ANALYTICAL EXPRESSION FOR BUILD-UP 
FACTORS AS A SUM OF EXPONENTIAL TERMS 


Br for water (cf. § 3: energy absorption factor) 


4:5 3-4 
0:0555 | 0:0525 
0-11 0-156 


8-1 5°6 
0-068 0-059 
0-0405 0-073 


Bp for water 


Ay 20 12 6:4 4-9 A 
—Oy 0°115 0-095 0-069 0-059 0:050 
Oe — 0-039 0-016 0-086 0-1082 0°1195 


Maximum error 
of approximation, per cent 18-5 15 9:0 6:5 6:0 


Ay 8-0 5°5 4-5 3°8 3-1 2:3 2°25 
—Oy 0-11 0-082 0:074 0-066 0-064 0-062 0-060 
Oe 0-044 | 0-093: | 0-116 0-130 0-152 0-150 | 0-128 
Error for 


fo r = 10, per cent 


Bp for iron 
Ey), MeV 0:5 1 | 2 | 4 | 6 8 10 
Ay 10 8-0 5°5 3°75 2:9 2°35 2:0 
— OX 0:0948 | 0:0895| 0-0788} 0-075 0:0825 | 0-0833 | 0-095 
Oo 0-012 | 0:04 0-07 0-082 | 0-075 | 0-0546; 0-0116 


Error of approxi- 
mation, per cent 


B, for iron 


A, 11 9-0 6-0 
6; 0-0884| 0-082 | 0-0735 
oy 0:0185| 0-0257| 0-040 


2°6 2°0 1:6 
0:0785 | 0:0851 ; 0-093 
0:0718; 0-0588; 0-0363 
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Table 23 continued 


Bp for tin 


A, 4S 4:0 3:3 2:8 1-7 1-2 0-82 


— Oy _ 0-080 | . 0-080 0-092 0-110 0-144 0-170 0-185 
Oe 0-130. 0-142 | 0-130 0-110 0-040 0-00 0-100 
Error for 


. By for tungsten 


Mo ¥ = 10, per cent 


| 2 


10 


2 | 3 4 
A 33 | 29 | 27 2:05 1:2 0-7 0:6 
~ 04 - 0-043 | 0-069 | 0-086 | 0-118 | 0-171 | 0-205 | 0-212 


Xo — 0°148 | 0-188 | 0-134 | 0-070 | 0-00 0:052 | 0-144 


Error for 
Mor = 10, per cent 


Ay 1-65 2:45 | 2:60 1:65 | 0:96 | 0:67 | 0:50 


— Oy 0:032 | 0-045 | 0-071 | 0-123 | 0-175 | 0-204 | 0-214 


Qe 0296 | 0-178 | 0-103 | 0-064 | 0-059 | 0-067 | 0-08 


Error of approxi- 
1-5 3-9 5:2 3°3 


mation, per cent 


4:9 50 | 3-9 


Br for lead 
B,Mev | os | 1 | 2 | 4 | 6 | 8 | 10 
Ay 220 | 265 | 268 | 1-68 | 087 | 045 | 0:36 
~~, 0-013 | 0-038 | 0-0567| 0-105 | 0-167 | 0-206 | 0-221 


OX 0-140 | 0-141 | 0-138 | 0-125 | 0-099 | 0-0159] 0 


Maximum error of 
approximation 
5:3 per cent 
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The magnitude of Arp and Uere for the case of a point source in a homo- 
geneous medium depends not only on the characteristics of the primary 
radiation and the physical properties of the medium but also on the distance 
from the source. The value of A,¢¢ diminishes with increasing distance from 
the source, approaching the value A). | 


E>, MeV 


Fig. 33e, Coefficients A,, «, and «, for the calculation of dose build-up 
factors Bp for lead. 


The quantities « and Me (Or Ag) are not as strongly dependent on the 
distance as B. In approximate calculations, therefore, they can be con- 
sidered constant within certain limits of the distance from the source and 
formulae of the type (9.6) can be used in designs and estimates, this being 
more convenient at times. 

The coefficients « and A,¢, are plotted in Fig. 34 for the case of propagation 
of radiation in water and air. | | 

All the data given above except those for the propagation of radiation in 
water relate to homogeneous media consisting of one element only. In prac- 
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tice, however, shielding materials often consist of a homogeneous mixture 
of different elements. When the elements forming the mixture have atomic 
numbers close to one another, the shielding properties of the medium are 
approximately those of a medium consisting of one element with some 
mean atomic number. For example, for an alloy of titanium (Z = 22) and 


0-25 


0-10 


Eo, MeV 


Fic. 33f. Coefficients 4,, «, and «, for the calculation of energy build-up 
factors By for lead. 


zinc (Z = 30) we can take one element—iron (Z = 26)—for calculating 
the build-up factors. The build-up factors for CH, and CH are approxi- 
mately the same as those for water. | 

In cases where the mixture consists of elements with widely differing 
atomic numbers, it is possible to select one element, known as the equi- 
valent element, for which the processes of interaction with radiation will be 
approximately the same as those for the given mixture of elements. 
PGQ 4a 
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Fic. 34. Coefficients « and A. for the calculation of radiation dose rates in water and air from formula (9.6). 


«% and Jeg are given on curve (a) for the range 400 m < r < 1000 m in air (46-5 cm <r < 116-3 cm in water) and on curve (b) for 1000 m < r < 2000m 


in air (116-3 cm < r < 232-6 cm in water). Within these limits of r the error of the approximation is not greater than + 10 per cent. 
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The following procedure is recommended in [10] for the determination 
of Z for such an equivalent element. First of all, the curve depicting the 
variation of the total linear absorption coefficient u of the radiation with E 
is drawn for the mixture of elements on the basis of existing data for the 
individual elements. The relation between u(E)/u,)(E,) and E is calculated 
from this curve. Next, on the basis of the curves «(E) available for the indi- 
vidual elements an element c is found for which the ratio u(E)/uo(Ey) 
agrees as Closely as possible in the energy interval which is important for 
the given problem. 

If the properties of the mixture of elements and of the equivalent element 
are to be completely identical, the ratio u(E)/u,(E,) must also be identical. 

If the function u(E)/u5(E,) for the two substances is the same, the ratio 
U(E){u,(E) will be identical for all energies if it is identical even for one 
energy, say Ey. 

Usually, if the first condition regarding the equality of the curves 
U(E)/Uo(E>) is satisfied, the second condition regarding the equality of 
L(E)/u,(E) is also fulfilled. 

After the equivalent element is chosen, the build-up factors for it can be 
determined by interpolating the data of Tables 14 to 20. 

The validity of this method of determining build-up factors has been 
verified in [10]. Gadolinium (Z = 64) was chosen by the above-mentioned 
method as the equivalent element in this investigation on the propagation 
of radiation with an energy of 2 MeV in a homogeneous medium consisting 
of a mixture of water and lead (equal quantities by weight). The build-up 
factors determined for such a medium, theoretically by the method of 
moments and by choosing an equivalent element, differed by less than 
5 per cent for ugr < 15. For zor = 20 the divergence rose to 15 per cent. 

It is interesting to study the case when the medium is not homogeneous, 
but consists of spherical layers of varying density or of layers of different 
substances surrounding the source. 

The effects of cavities in homogeneous media have been investigated 
experimentally by Leipunskii and Sakharov [57] using radiation from «4 _-—- 
Co (Fig. 35), Au’ and Na* in water for fly = 1. Their results have 
shown that the build-up factors when a cavity is present are identical with + 40 _s 
those for the homogeneous medium at the same distance from the source, 

Ho Yr, Measured in mean free paths for the energy of the primary radiation. Cz —~ Socal. 

The value of r in this case is the distance from the source minus the~ | fa 
radius of the cavity. At the same time, this experiment shows that fora %~ & 3 | 
medium in which the variation of the density of matter is spherically sym- 
metrical, the build-up factors given in Tables 14 to 20 may be used, taking 


the integral | fo dr (a quantity similar to optical thickness) instead of uy r. 


6 
If the layers formed by the different substances have nearly equal atomic 


numbers, it is justifiable to replace uy r by f fy dr. When the layers have 
widely different atomic numbers, e.g. water and lead, it would be incorrect 
to use:thersopucalthickness.> Lhe result can/depend on ecm wa 
4a* 
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the layers are traversed. For example, an outer layer of lead can absorb all 
the scattered radiation formed in the internal layers of water, so that the 
build-up factor has to be taken only for:the value of yy r in lead. 

The above considerations concerning the calculation of B, and Bp fora 
homogeneous medium consisting of various atoms and for.a laminated 


nee eae ae a 
ee Without absorber ae 
— PX} +} + 


ma Nea 


log K 


Sphere ro 


+ = 
a ‘ [fo = 
0 


Fic. 35. Attenuation of the dose rate of y-rays from Co® in water. [57]. 


Continuous line: in a homogeneous medium. Dot-and-dash line: in water with 
‘an air cavity of radius 18, 30 or 40 cm round the source. Abscissa: r — ro, 
where 7 is the distance from the source and r, the radius of the cavity. 


medium are usually applied not. only in the problem of a point source in an 
infinite: medium, but for all other arrangements of sources and media as 
well. 


Energy Spectrum of Gamma Radiation 


Extensive information on the energy spectrum of radiation from a point 
source in a homogeneous medium has been obtained theoretically by the 
method of moments [10]. 
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The spectrum of the radiation for water, iron and lead at different ener- 
gies of the primary radiation is given in Figs. 36 to 56. The energy of mul- 
tiply scattered radiation is plotted along the abscissa, and the energy dis- 
tribution function J,(E, uy r) = dJ/dE for a point source with a strength 
of 1 quantum/sec multiplied by 47 7? e”” is given as the ordinate. 
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Fic. 36. Energy spectrum of scattered radiation for water; E, = 0-255 MeV. 


The intensity of the radiation in any region of the energy distribution 
can be found with the function J,(£, fo r) (see § 3). The intensity of radiation: 
. E 


with an energy lying between E, and Ey is f I, (E, My 1) dE. Here 


Ey 


Ey | 
i] I(E, wor) dE = J = total intensity of the radiation, 
6 


Ey 
f I)(E, uot) dE/J, = B; = energy build-up factor. 
6 
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Fic. 37. Energy spectrum of scattered radiation for water; 


Fic. 38. Energy spectrum of scattered radiation for water; 


Ey = 1-0 MeV. 


Ey = 0°5 MeV. 
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E, MeV 


Fic. 39. Energy spectrum of scattered radiation for water; E, = 2:0 MeV. 
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Fic. 41. Energy spectrum of scattered radiation for water; E, = 4:0 MeV. 
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Fic. 42. Energy spectrum of scattered radiation for water; Ey = 6-0 MeV. 
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Fic. 43. Energy spectrum of scattered radiation for water; E, = 10-0 MeV. 
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Fic. 44. Energy spectrum of scattered radiation for iron; E, = 0:5 MeV. 
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Fic. 46. Energy spectrum of scattered radiation for iron; 


Fic. 45. Energy spectrum of scattered radiation for iron; 


3:0 MeV. 


Ey = 


E, = 1:0 MeV. 
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Fic. 48. Energy spectrum of scattered radiation for iron; 


Fic. 47. Energy spectrum of scattered radiation for iron; 
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Ey = 8:0 MeV. 


Ey = 6-0 MeV. 
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Fic. 49. Energy spectrum of scattered radiation for iron: E, = 10-0 MeV 
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Fic. 50. Energy spectrum of scattered radiation for lead; E, = 0:5 MeV. 
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Fic. 51. Energy spectrum of scattered radiation for lead; Z, = 1-0 MeV. 
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Fic. 52. Energy spectrum of scattered radiation for lead; FE, = 3-0 MeV. 
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Fic. 53. Energy spectrum of scattered radiation for lead; E, = 4:0 MeV. 
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Fic. 54. Energy spectrum of scattered radiation for lead; E, = 6-0 MeV. 
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Fic. 55. Energy spectrum of scattered radiation for lead; Ey = 8-0 MeV. 
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Fic. 56. Energy spectrum of scattered radiation for lead; E, 


10-0 MeV. 
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From the given curves it follows, in particular, that the energy spectrum 
tends towards an equilibrium distribution as we move away from the source, 
LET EI EL EI IL AT Sy 
i.e. the curves in the figures assume an identical shape (the proportions of 


TITAN TF 


the different energy components are the same) at first in the low-energy 
region, than gradually at the higher energy end of the spectrum also. This 


equilibrium in the spectral distribution can be clearly traced in the data of 
Table 24. This table shows what percentage of the total intensity at the 
point of measurement is formed by radiation with an energy in a given 
spectral region. 


TABLE 24, SPECTRAL DISTRIBUTION IN WATER OF RADIATION 

OF ENERGY 2 MeV. Tue INTENSITY OF RADIATION IN A 

GIVEN ENERGY RANGE IS SHOWN AS A PERCENTAGE OF THE 
TOTAL INTENSITY - 


Energy range 


MeV 

0—0-05 3°5 3°6 
0—0-10 10°5 10-5 
0—0:-25 22:9 22:9 
0—0-50 35-6 35°6 
0-1-0 56°4 57°5 
0-1-5 77 79-1 
0—2:0 100 


Data are given for the case of propagation of radiation with an energy 
of 2 MeV in water for three distances from the source: uy r = 4, 7, 15. As 
can be seen, in spite of large change in the distance from the source, the 
relative spectral distribution of the radiation which is established when 
gr < 4 remains practically constant. 

From the table it can be seen that about a quarter of the energy lies in 
the low-energy region of the spectrum (up to 0-25 MeV), in the neighbour- 
hood of the peak in the distribution which is characteristic of the spectra 
considered. 

In elements with a large atomic number this peak diminishes or disappears 
as a result of strong photo-absorption. 

Spectral equilibrium, i.e. invariance of the proportions of the different 
energy components, is absent only in the region close to the energy of the 
primary radiation. This law, like the tendency towards equilibrium in angu- 
lar distribution, formed the basis for the derivation of the asymptotic law 
of variation of the build-up factor at large distances from the source in the 
propagation of radiation in matter [35]. 

The results for the spectral distribution are in good agreement with experi- 
ment. Fig. 57 gives the experimental results obtained by Hayward [48], who 
measured by scintillation spectrometry the spectrum of recoil electrons for 
radiation from Co® in water. In the same figure is given the spectrum. of 
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recoil electrons calculated from the data of the theoretical energy distri- 
bution of y-quanta. 


10-9 


i074 


Electron energy, MeV 


Fic.-57. Spectrum of recoil electrons for Co® y-radiation in water. 


The continuous lines show the electron spectrum calculated according to the 
theoretical spectrum of »-rays [10]. The ordinate is the electron flux in arbi- 
trary units. 


Angular Distribution of Radiation 


In theoretical works [35] it is mentioned that the angular distribution of _ 
radiation in a homogeneous medium, established in the first few mean free 
paths of the radiation, changes only very slightly with further increase in 
the distance from the source and tends to a certain asymptotic form. 

Very little information is available in the literature on the angular dis- 
tribution of radiation. In Fig. 58 we give the angular distribution of three 
components of y-rays from a point source of Co®, scattered in a homo- 
geneous water medium. This distribution was published in [49]. 

Experimental data are available on the angular distribution for the case 
of a point source at an earth—air boundary (see § 10). For practical require- 
ments these data can also be used for the case of a homogeneous medium 
equivalent to air. 
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Certain data on the angular distribution of the dose of scattered y-radia- 
tion from a Co® source in water were given in the paper [67], published 
at the end of 1958. The angular distribution was determined with a uranium 


0-730 MeV 


0-365 MeV 


4rr?eboL 


0-256 MeV 


Oo 30 @#~=©}=— 60 90 120 150 180 
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Fic. 58. Angular distribution of Co® radiation scattered in water for three 
spectral components of energy 0°730, 0-365 and 0:256 MeV. 


The abscissa is the angle 6 measured from the direction of the primary radiation. 

The ordinate is the angular distribution function J(E, 0, ur) multiplied by 

4nr*? eor, The ordinate scale is normalized for a source emitting one quantum 
with energy E, = 1-17 MeV and one with E, = 1:33 MeV. 


cone acting as a shield. The cone is fixed either in front of the point of 
measurement, or in front of the source, as shown in Fig. 59a. 

In Case 1 (Fig. 59 a) the detector registers scattered radiation arriving at the 
point of measurement at angles larger than the aperture angle @ of the cone. 
The relation between the amount of the dose and the angle » at different 
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distances R from the source to the point of measurement is shown in 
Fig. 59b. Fig. 59c shows the relation between the percentage ratio of the 
dose measured with the shielding cone to the dose measured without the 
cone and the angle » for various distances R. It can be seen from this figure 
that the angular distribution of the radiation varies significantly in the 
first two or three mean free paths for the primary quanta. On increasing 


Fic. 59a. Diagram of arrangement of source S, detector D and screening 
cones. ; 


1—-screening cone placed at detector 
2—screening cone placed at source 
R—distance between source and detector 
g—angle of aperture of cone. 


r/hr 


P, 


¢, degrees 


Fic. 59b. Relation between the dose rate P and the angle g@ for various 
distances R (for case 1). 
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Fic. 59c. Relation between the angle g and the percentage ratio D of the 
doses measured with and without the cone (for case 1). 


o, degrees 
Fic. 59d. Relation between the dose rate P and the angle for various 
distances R (for case 2). 
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the distance from the source further, the dependence of the angular distri- 
bution on the distance becomes less and less significant, an equilibrium dis- 
tribution being approached. The data given may be useful for calculating 
the dose rate when the point of measurement is incompletely shielded, the 
detector being protected from part of the scattered radiation only. 

In Case 2 (see Fig. 59a) the radiation emerging from the source is directly 
shielded near the source. When the experiment is set up in this way, only 
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Fic. 59e. Relation between the angle g and the percentage ratio D of the 
doses measured with and without the cone (for case 2). 


those y-quanta can enter the detector whose direction of movement from 
the source forms an angle greater than » with the line joining the source to 
the detector. Fig. 59d shows the relation between the dose rate and the angle 
gy for various distances R. Fig. 59e gives the dependence of the percentage 
ratio of the dose measured with the cone to the dose measured without it 
on the angle y. The data given can be used in cases where the source of 
radiation is incompletely shielded. 


§ 10. A POINT SOURCE ON THE BOUNDARY OF TWO MEDIA 


A typical example of such geometrical conditions is the case, important 
in practice, where an isotropic point source is situated in air over the sur- 
face of the earth or of water (see Fig. 27). 

This problem can be approached by starting from the laws of propagation 
of radiation in a homogeneous medium and then finding the corrections 
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that must be applied for the non-homogeneity of the medium. These cor- 
rections have been determined experimentally as well as theoretically for a 
large number of cases. In the example of the earth and air they amount 
qualitatively to the following. If the source is placed near the boundary, the 
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Fic. 60a. Attenuation of intensity of y-radiation in air at different distances 
from a point source of Au! [58]. 


1— height of source above earth kh = 1 m, height of point of measurement above 
earth z= 1m 
2—h = 25m, z=1m 
3—-attenuation of the entire radiation in a homogeneous air medium 
4—attenuation of the primary radiation according to the law e~4or. All data 
are given for tf = 0°C and pressure 740 mm mercury. 


intensity of the radiation in air near the source increases owing to reflexion 
from the earth. The maximum increase in intensity is approximately equal 
in magnitude to the albedo of the earth. At large distances from the source 
and in the vicinity of the earth, on the other hand, the effect of the earth is 
to reduce the intensity of the radiation in air. This is because the earth near 
the source absorbs part of the scattered radiation which might have traversed 
long distances in air alone and reached the point of measurement. The 
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following empirical rule was given in the paper [57]: at a distance from the 
source greater than a few times wor the intensity of the radiation in air 
over the earth should be reduced to approximately half its value because 


I/K 


Distance from source,r, m 


Fic. 60b. Attenuation of intensity of y-radiation in air at different distances 
from a point source of Co®. 


1—h = 1m, z = 1m from [57] 

2—h = 1m, z= 1m from [59] 

3—attenuation of the primary radiation according to the law e~Hor 
4—attenuation of radiation in a homogeneous air medium 

All data are given for t = 0°C and pressure 740 mm mercury. 


of this effect. When the point of measurement or the source is raised above 
the surface of the earth, the effect of the earth is reduced and the laws of 
propagation of the radiation approximate to those for air alone. All these 
characteristics of propagation of radiation in air over the earth are shown in 
Figs. 60a and 60b. These experimental curves show the variation of the 
reciprocal of the attenuation coefficient 1/K with the distance from a point 
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source of Au! and Co® when the source is situated above the earth at a 
height 4 = 1 and h = 25m and the point of measurement at a height 
z = 1m [57 to 59]. The values of 1/K in an absolutely homogeneous air 
medium (curve 3) and for primary radiation which is attenuated according 
to the law e~”” (curve 4) are given in Fig. 60a for comparison. The region 
in which radiation reflected from the earth plays an essential role can be 
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Fic. 61. Correction factors k and k’. 


a 
b 
Cc 
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: values of k for nh = 0 
: values of k’ for nh = 0 
: values of k for uh = 0:5 
: values of k' for uh = 0:5 


seen in these figures. The way in which the intensity of the radiation di- 
minishes at large distances from the source as a result of the interaction of 
the radiation with matter can also be observed. 

On raising the source above the earth (see Fig. 60a, curve 2) the divergence 
from the law of attenuation in a homogeneous medium is reduced. | 

The experimental data given are in good agreement with calculations 
using the Monte Carlo method, published in [60]. Two cases of propagation 
of radiation with an energy E, = 1-28 MeV are considered there. The geo- 
metrical conditions for these cases are shown schematically in Fig. 27. 


(a) The propagation of radiation in a light medium over a medium of the 
same material but many times denser. The case is similar to the one 
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considered above, e.g. water and air. In this case the author considers the 
propagation of radiation in the light medium and takes into account reflexion 


and absorption of part of the radiation in the dense medium. 
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Fic. 62. Correction factor k (z, @, 0) near the source. 
The broken curves are plotted by extrapolation. 


(b) The propagation of radiation in a light medium over a vacuum or a 
medium with a large atomic number in which radiation scattered in the light 
medium and incident on it is completely absorbed and not reflected. 


The results of the calculations are given in the form of contour diagrams 
of the correction factors 


(1) (2) 
k(z, 0, h) = dD", 0.) D™ (Zz, @, h) 


D® (z, 0, h) 9 k (z, Q; h) = ‘D(z, 0, hy’ (10.1) 
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where D™ is the dose for different values of 0, z and h (see Fig. 27) under 
the geometrical conditions of Case (a), D® the dose of y-radiation for the 
geometrical conditions of Case (b), and D® the dose in a uniform homo- 
geneous medium. 

The factors k and k’ for uh = Oand uy h = 0°5 and various values of z 
and “yo are given in Fig.61. Fig. 62 gives the factor k for the region near 
the source when the source is at h = 0. This graph makes it possible to 
consider the detailed picture of reflexion of radiation from a dense medium 
near the source and compare it with experiment [57, 58]. 


k(0,p,0°5) 


k(0o,0-5) 


k(0,e,0) 
k(O,p,0) 


A(O, 0,0°5) 
A(0,p,0) 


en 0-2 03 04 O05 06 0708 [0 2 3 4 5 6 78 19 


HoP 


Fic. 63. Correction factors k and k’ near the boundary between two media. 


The circles denote the experimental points from [59] for k(0, e, 0). The quan- 
tity A characterising the reflection of radiation from the dense medium is 
also shown. 


The coefficients k and k’ were calculated for markedly different properties 
of the dense medium. If this medium consists of materials with atomic 
numbers which are not large and hence reflects radiation to some extent, 
the corresponding correction factor will have a value between k and k’. 
Since k and k’ do not differ widely the graphs given can be used for any 
media without large errors. 

The values of k and k’ when the point of measurement lies on the boun- 
dary of two media are given in Fig. 63. The curve for the variation of A 
with “)@, where A = 1 — k’/k, a quantity representing the role of reflec- 
tion of radiation from the dense medium, is also plotted on the same 
graph. 

As can be seen, for uh = 0, A diminishes as py eo increases, but becomes 
constant when ue > 1:5. For uh = 0-5, A increases slightly at first and 
then assumes a constant value independent of py 0. 
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The dose of y-radiation can be determined from these curves by using 
the data on the propagation of radiation in a homogeneous medium. 

The angular distribution of radiation in the air over the earth has been 
studied experimentally for point sources of Au?® and Co® in [58] and [59]. 

Fig. 64 represents the angular distribution of radiation from an isotropic 
point source of Au?®® [58] propagated in the air over the earth, with the 
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Fic. 64. Angular distribution of radiation from Au! scattered in air over 
the earth ath=1mandz=I1m. 


The diagram shows the percentage of the intensity due to radiation arriving at 

angles less than at points distance 150m (C)), 250m (CJ) and 400m (x) 

from the source. The continuous line shows the mean angular distribution 
for the three distances. 


source and the detector situated at a height of 1 m. In this figure the angle » 
measured from the straight line joining the point of measurement and the 
source is plotted along the abscissa. The intensity of the radiation arriving 
at the point of measurement at angles less than » is plotted along the ordi- 
nate as percentages of the total intensity of radiation at the point of measure- 
ment. This quantity was determined experimentally as follows. The total 
intensity of the radiation was measured at a given point and a lead disc was 
then interposed between the source and the detector to absorb the primary 
radiation and scattered radiation arriving at the point of measurement at 
angles less than g. The results of such measurements for distances of 150, 
250 and 400 m from the source are given in Fig. 64. 
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Similar data for the angular distribution of radiation from Co® measured 
in the air above the earth are given in Table 25. In this table the angle has 
the same significance as on the abscissa in Fig. 64, but the figures in the table 
indicate the percentage of the intensity of the radiation arriving at the point 
of measurement at angles larger than o. It is evident from Table 25 and 
Fig. 64 that the angular distribution of the radiation is markedly anisotropic. 


The angular distribution as established at distances pee about | 


and 2 remains 3 practically unchanged o: on 1 further 1 increasing [gt 


TABLE 25. ANGULAR DISTRIBUTION OF Co®® RADIATION IN AIR OVER THE EARTH AS PER- 
CENTAGES OF RADIATION INTENSITY ARRIVING AT THE POINT OF MEASUREMENT AT ANGLES 
GREATER THAN @ (THE ANGLE MEASURED FROM THE DIRECTION OF THE SOURCE) 


Distance from source, m 


g@, degrees 
100 | 183 274 365 ental 
polation 
0 100 100 | 100 100 100 
5 25:2 36°8 48-3 54:3 58 
10 23-0 33-5 43-9 49-2 52 
20 19-1 27:9 36:3 42-4 42 
30 15-8 23-2 29-9 33-2 34 
40 13-1 19-3 24-7 27°3 28 
50 10-9 16-0 20-4 22°4 23 
60 9-0 13-3 16°8 18-4 19 
70 7-46 11-1 13-9 15-1 16 
80 6°18 9-19 11-5 12-4 13 
90 5°13 7:64 9°45 10-2 10-2 


Table 25 and Fig. 64 contain data on the integral value of the intensity of 
the radiation arriving at the point of measurement at angles larger than » 
(Table 25) and less than » (Fig. 64). The differential angular distribution of 
the radiation with respect to the angles m can be determined on the basis of 
these data. This distribution for the “forward” half-space, i.e. for 
0° < » < 90°, is shown in Table 26, where the relative intensity of radiation 
at a given point passing within certain limits Aq between the angles y, 
and 2, 1.e. the quantity [J,,(p)/J] - 100, is given. 

For the “backward” half-space, i.e. for 90° < » < 180°, the integral data 
are given in the same table. The differential distribution is given for distances 
from the source beyond which the angular distribution is only slowly 
varying, 1.e. for Myr > 2 or 3. 

The quantity J,,(p)/J represents the amount of radiation arriving at a 
given point from the entire space for which @ lies within the limits chosen, 
i.e. from the space enclosed between the two conical surfaces in which the 
generators form the angles gy, and g, with the axis. This space subtends at 
the point of measurement the solid angle w, the magnitude of which depends 
on the interval chosen for the plane angles y. For the same A the quantities 
are smaller for @ close to 0° or 180° than for close to 90°. 
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Table 26 gives the values of 6(@), the percentage of the intensity contri- 
buted by the radiation arriving at a given point from space lying within 
the chosen angles », expressed per unit solid angle. 

The quantity 6(¢) is obtained by dividing J,,(y)/J by w(g), where w(¢) 
is the solid angle occupied by air and is the average for the given interval 
Ag. 


TABLE 26. ANGULAR DISTRIBUTION OF RADIATION: PERCENTAGE OF INTENSITY DUE TO 
RADIATION ARRIVING AT THE POINT OF MEASUREMENT WITHIN GIVEN LIMITS OF THE 
ANGLE 9, LE. [J4g(9)/J] <x 100, AND THE SAME QUANTITY PER UNIT SOLID ANGLE @, 
d(¢~) x 100 = [Jag(y)/J a] x 100 
(w in steradians) 


E, = 1:25 MeV E, = 0-41 MeV 


V1 — P2> 


Ag, te es acres 
degrees degrees cael) x 100 O(¢) x 100 


J 
cae x 100 | 6(@) x 100 


0-5 | 5 Be 

5—10 5 280 
10—20 10 85 
20—30 10 48 
30—40 10 29 
40—50 10 15 
50—60 10 11 
60—70 10 8-1 
70—80 10 7-6 
80—90 10 7:3 
90—180 90 4-8 


The quantity d(~) can be used to calculate the intensity of the radiation 
passing through the part of space occupying the solid angle w and delimited 
in a way different from that in the experiments, the data for which are given 
in Fig. 64 and Table 25. The formula 
J() = J { 6(¢) da (10.2) 
is used. is 
As can be seen from the data tabulated, the angular distribution of the 
radiation is anisotropic. The anisotropy 1s most pronounced at small angles 
y, i.e. in directions close to the line joining the point of measurement to the 
source. When 60° < » < 90° there is a marked decrease in the anisotropy, 
while in the entire “backward” half-space, i.e. for 90° < - 
obviously insignificant. can be seen the fact that the mean value 
of 6(9) calculated for the entire “‘backward” half-space differs very slightly 
from 6(q) calculated for values of gy between about 80° and 100°. 
The relation between 6 and 9 is given approximately by the following 
expressions : 


for E, = 1-25 MeV, 0(@) = BF vos sterad-!, (10.3) 
0-06 7 
for Eo = 0-41 MeV, 6(y) = see . (10.4) 


p < 180°, it is 
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From the data of Table 26 1t may be shown that these formulae are accurate 
to within + 20 per cent for 10° < » < 90°. 

A change in the energy of the primary radiation in these expressions 
affects only the numerator, which changes at the most by a factor of 1:5. 
This behaviour suggests that for 0-41 < EF < 1-25 MeV approximate for- 
mulae similar to (10.3) and (10.4) can be obtained by simple interpolation 
of the numerator. 


TABLE 27. ENERGY SPECTRUM OF Co® y-RAyS SCATTERED IN AIR OVER THE EARTH AT 
VARIOUS ANGLES y AND 0 


Distance from source 


100 m 175m 360 m 
Energy | Energy Energy 
Mean | spectrum P Mean | spectrum Mean | Spectrum 
Pane energy distri- de ‘ Bee energy distri- ae ie energy distri- 
cone is bution, gr keV bution, ad keV bution, 
per cent per cent per cent 
go=0 180 16 gp=0 180 |- 31 gp=0 320 62 
6 = 90 330 24 6 = 90 650 15 6=90] 1250 38 


1250 60 1250 34 


py =0 120 31 9 =0 170 27 |p=0 | 290 69 

@6=451 200 34 6=451 330 30 6= 451 1000 31 
670 35 850 | 43 

y= 45} <100 37 |y=0 | <100 24 |p=0 | 180 33 

6=90| 230 27 6=0 200 AJ 6=0 | 410 67 
630 33 350 35 

p=45| 110 43 9=45!1 110 36 «| m=45| 120 11 

9=45| 250 31 6=60} 220 29 |60=45| 250 67 
530 26 570 35 650 22. 

y= 90] <100 i7 |~=90| <100 24 |p~=90| 210 40 

9=45| 150 39 6=60{ 190 AJ 6=45| 400 60 
350 44 290 35 

»=90| <100 47 |m=180} <100 25 = = as 

6=0 200 21 6=60| 180 75 = = = 
340 26 

9 =90! <100 10 = = = = = = 

@=90| 170 52 - = 7 = = me 
330 38 - te = a = - 

g = 180| <100 32 = = = as = = 

9=90| 230 68 az - 2s = i = 


The numerical material and formulae given above are useful for calcula- 
tion of partial (or shadow) shields on the surface of the earth, in cases when 
the point of measurement is shielded from primary rays but exposed to 
part of the radiation scattered in air. Examples of such shielding in practice 
are entrenchments, embankments, embrasures etc. 
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Data on the energy distribution of radiation scattered at the boundary of 
two media can be found in the experimental work of V. N. Popov, who 
studied the spectrum of radiation from Co® scattered in air over the earth, 
as a function of the distance from the source and the angle at which the 
radiation arrives at the point of measurement. 

The measurements were made as follows. The detector was placed at the 
centre of a lead container having a conical aperture on one side admitting 
radiation within a solid angle of one steradian. The container was rotated 
during the measurements and the energy spectrum of the radiation incident 
on the detector for different orientations of the conical aperture with respect 
to the line joining the source and the detector was measured. 

The spectrum was measured by the method of absorption in different 
filters covering the conical aperture. Only the mean values of the energy 
for the predominant regions of the spectrum can be obtained with such a 
method by resolving the absorption curves into different exponential com- 
ponents. 

The results of the measurements are given in Table 27. 

The parameters defining the direction of the conical aperture are the 
angle 0 between the axis of the cone and the vertical, and the angle m between 
the projection of the axis of the cone on the earth and the line joining the 
point of measurement to the source. 


§ 11. UNIDIRECTIONAL RADIATION IN A HOMOGENEOUS MEDIUM 


Two closely similar problems my be considered under this heading: the 
passage of a broad unidirectional beam through a homogeneous infinitely 
wide slab of thickness r (see Fig. 28a) and the penetration of radiation to a 
depth r in an infinitely thick layer of matter (see Fig. 28b). The solutions 
to these problems differ in that radiation scattered back from the deeper 
layers in the infinite medium contributes to the flux of photons at the point 
under consideration in addition to that which has penetrated through a 
layer of absorber of thickness r. We shall give the name “edge effect” to the 
absence of scattering media behind the slab when it is of finite thickness, 
so that the radiation passing through the back surface goes out into space 
and does not return. This effect determines the difference between the laws 
of propagation of radiation in an infinite medium and through a finite slab. 
Evidently the effect is found for scattered radiation only and not for pri- 
mary radiation. 

The attenuation of radiation also depends on the angle of incidence on 
the absorber «. The flux attenuates more rapidly for oblique than for nor- 
mal incidence. This is to be expected, since the path of the primary radiation 
in the absorber increases to r’ = r/cosx, sometimes called the “oblique 
thickness” as distinct from the normal thickness r. 

The intensity of radiation for oblique incidence, however, cannot be 
calculated by simply replacing the quantity r by r’ in the formulae for nor- 
mal incidence of y-rays. This procedure can lead to large errors in estimating 
the dose of y-rays in designing the shield, because, in oblique incidence, a 
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part of the scattered radiation may reach the point of measurement by a 
path shorter than that of the primary radiation, so that the effective thick- 
ness of the shield may be less than r’. We give below theoretical and experi- 
mental data, available in the literature, on the passage of unidirectional 
radiation through matter. 


Intensity and Dose of Gamma Rays 


The dose and energy build-up factors for a plane unidirectional source 
in an infinite homogeneous medium are given in Tables 28 to 32. The 
factors are calculated for the different substances by the method of moments 
for “yr S 15 [10]. The intensity and dose-rate of y-rays can be calculated 


from the formulae J) = Be Jp = BeTnne-”", 
P(r) == Bp Pinit ae 

with the help of the factors given in the tables. In the formulae init 1S the 

initial intensity of the unidirectional radiation of the source (before any 

interaction with matter), P;,;, 1s the dose rate of the initial radiation of the 


source. 
If r is expressed in cm, “, in cm, and J in MeV/cm? sec, then 


> T 
Pinit = Jinit * 1:48 x 107° Meo (air) —- | 


(11.1) 


and (11.1’) 


P(P) = Bp Jing C7" + 1-48 X 10-5 Lao (air) —; 


Mao (air) is the energy absorption coefficient of the primary radiation in air 
of density 0-00129 g/cm. 


TABLE 28. WATER. PLANE UNIDIRECTIONAL SOURCE 
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TABLE 29. IRON. PLANE UNIDIRECTIONAL SOURCE 
Br 


10-0 1:17 1-36 1:77 2°51 3°44 5°48 
Bp 

0:5 2:07 2°94 4°87 8°31 12-4 20°6 
1:0 1:92 2:74 4:57 7:81 11°6 18-9 
2:0 1:69 2°35 3°76 6-11 8°78 13-7 
3°0 1:58 2°13 3°32 5°26 7-41 11-4 
4-0 1-48 1:90 2°95 4-61 6°46 9-92 
6:0 1-35 1-71 2°48 3°81] 5°35 8-39 
8-0 1:27 1-55 2°17 3°27 4-58 7°33 

10-0 1-22 1-44 1-95 2°89 4-07 6°70 


TABLE 30. TIN. PLANE UNIDIRECTIONAL SOURCE 
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TABLE 31. LEAD. PLANE UNIDIRECTIONAL SOURCE 
Br 


1:0 1-37 1-65 2°12 2°71 3°28 4:17 
2°0 1-36 1-68 2°28 3°14 4-03 5°48 
3-0 1-31 1-61 2°23 3°21 4-31 6°33 
4-0 1-24 1-45 1-99 2°95 4-09 6-70 
6:0 1-15 1-32 1-73 2°60 3-98 7:78 
8-0 112 1-22 1-53 2°23 3°39 6°88 
10-0 1-09 1-17 1-40 1-93 2°81 5°60 


TABLE 32. URANIUM. PLANE UNIDIRECTIONAL SOURCE 
Br 


0-5 1:17 1-28 1-45 1-60 1-73 

1:0 1-30 1-53 1-90 PAVE 2°70 3°60 
2:0 1-33 1-62 215 2°87 3°56 4-89 
3°0 1-29 1-57 2°13 3:02 3°99 5°94 
4:0 1-25 1-49 2°02 2°94 4-06 6°47 
6:0 1-18. 1-37 1:82 ij 2°74 4:12 7°79 
8:0 1-13 1:27 1-61 2°39 3°65 7°36 


10-0 1-10 1-21 1-48 2°12 3°21 6°58 
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For ur > 15 the asymptotic formulae (9.2) and (9.3) can be used for 
a point isotropic source. It is only necessary to multiply the right-hand side 
of these equations by 7’, since the unidirectional radiation does not diminish 
in intensity according to the inverse square law. 

The data in Tables 28 to 32 and these formulae are quite sufficient for 
calculating the intensity and dose rate of y-rays at any point in a homo- 
geneous, infinitely thick absorber of any material. 

For the case when radiation is not propagated in an infinite absorber but 
passes through a slab of finite thickness r, certain formulae were derived 
under a number of assumptions by Hirschfelder et al. [15] in 1948 (see § 7). 


TABLE 33. ENERGY BUILD-UP FACTORS Be FOR THE PASSAGE OF RADIATION THROUGH A 
SHIELD OF FINITE THICKNESS 


Substance | £,, MeV 


0-5 | 1:0 2:0 | 4:0 9-0 16-0 

0:66} 1:49 1-96 3°10 5°99 13-3 39-4 

Water 1 1-40 1-80 2°72 5-01 10-5 25°7 
4 1-22 1-42 1°83 2°60 4-21 7:20 

1 1-40 1-72 2°43 4-07 7°80 17-8 
Tron 4 1-20 1-36 1:72 2:50 4-17 7°45 
10 1-07 1-16 1-35 1-75 2°80 5°85 

1 1-29 1-56 2°10 3-15 5°31 10:2 
Tin 4 1-16 1-31 1-63 2°35 4-12 9-41 
10 1-06 1-12 1-26 1-59 2°75 8°22 
1 1-20 1-35 1-63 2:09 2°87 4-24 
Lead 4 1-11 1-23 1-44 1-98 3°28 7-46 
10 1-03 1-08 1-17 1-40 2°17 6°47 


More rigorous data were obtained by the Monte Carlo method [50]. 
The energy build-up factors of the radiation obtained by this method for 
a shield of thickness ur of water, iron, tin and lead are given in Tables 33 
and 34 and also Fig. 65. 

The difference in the values of the build-up factors given in Tables 28 
to 32 and Table 33 is due to the edge effect. The latter affects the magnitude 
of the scattered y-radiation only, because the magnitude of the primary 
radiation. depends only on the mass of the substance along the straight line 
joining the source and the point of measurement and not on the disposition 
of the rest of the absorbing material. For this reason the edge effect is more 
apparent when the quantities B(r) — 1 are compared, which depend only 
on the scattered radiation. 

Values of the ratio of B,.(r) — 1 for the incidence of radiation on a shield 
of finite thickness r to B,,(r) — 1 for unidirectional radiation incident on 
a semi-infinite layer of absorber (see Fig. 28c) are given in Table 34. A graphi- 
cal representation of the same data is given in Fig. 65, where the sub- 
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scripts r and oo indicate the thickness of the shield in the case considered 
and the comparison is made for the energy build-up factors Bz. 

It should be noted that, for radiation passing through a thickness greater 
than a few times wor in an absorber, B,,(r) is approximately the same for 


TABLE 34. COMPARISON OF ENERGY BUILD-UP Factors [B,(r) — 1]/[Boo(r) — 1] 
OF SCATTERED RADIATION FOR A SEMI-INFINITE MEDIUM (VALUES FOR AN INFINITE MEDIUM 
ASTERISKED) AND A SHIELD OF THICKNESS r 


Mot 


E, MeV | Medium 
1 2 4 8 | 16 
0-66 0-601* 0-663 0-713 | 0:783 0-785 0-784 
1-0 Water 0-661* 0-720 0-754 0-821 0-828 0-830 
4-0 0-849* 0-885 0-912 0-920 0-926 0-933 
1:0 0-790* 0-821 0-851 0-888 0-895 0-895 
4-0 Iron 0-890* 0-910 0-923 0-930 0-932 0-949 
10-0 0-941* 0-959 0-972 0-974 0-978 0-977 
1-0 - Q-889* 0-911 0-924 0-935 0-938 0-946 
4-0 Tin 0-941* 0-926 0-955 0-967 0-974 0-978 
10-0 0:951* 0-960 0-962 0-973 0-971 0-969 
1-0 0-939* 0-951 0-969 0:975 0-979 0-982 
4:0 Lead 0-941* 0-977 0-982 0-990 0-992 0-994 
10:0 0-986* 0-990 0-995 0-992 0-994 0-995 
1-00 -- 
0-98 ee ee enna ae eee eee 
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Fic. 65. Ratio of the build-up factor of scattered radiation B, (r) —1 for 
penetration through a shield of thickness r to the factorB .(r) —1 for 
propagation of radiation in a semi-infinite medium. 
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the case of radiation incident on a semi-infinite absorber and for the propa- 
gation of radiation in an infinite medium, the build-up factors for which 
are given in Tables 28 to 32. 

The approximation is not valid for uw 97 < 1 or 2, when the edge effect 
on the front face of the slab becomes important. This is illustrated by 
Table 34, in which for uw) r = 1 the factor B,, (r) calculated for the case of 
an infinite medium gives the values marked with an asterisk. 

These data show that the intensity of the scattered radiation varies by 
30-40 per cent for light media at E, = 0:66 MeV owing to the edge effect. 
The importance of this effect diminishes for radiation of higher energies 
and on increasing the atomic number of the medium and the quantity pu, r. 
The fact that the effect is not very large opens up the possibility of using 
as an approximation the factors B obtained for an infinite medium in the 
case of a shield of finite thickness. 

Experimental and theoretical data for some special cases are available 
in the literature for oblique incidence of unidirectional radiation on the 
front plane of the absorber (see Fig. 28d). 

It was pointed out above that a simple substitution of uy r’ for wor (r’ is 
the oblique thickness) and the use for oblique incidence of the coefficients B 
determined for normal incidence lead to an overestimate of the attenuation. 
Certain correction factors must therefore be introduced when values of fu, 7’ 
are used in place of uw, r for calculating the intensity or dose. For example, 
we can introduce the factor a(«) > 1, which is unity for normal incidence, 
or alternatively, build-up factors B® may be determined specially for oblique 
incidence of the radiation, which are equal to B when « = 0°. Here the 
index « in the build-up factor indicates that the y-rays are incident at an 
angle « to the normal. 

In the first case the intensity of radiation will be determined from the 
formula 

J = Biugr’) ala, Mot’) Ine", (11.2) 


where J, is the initial intensity of the unidirectional radiation. 
Tn the second case 
J= BRIE. (11.3) 


The energy build-up factors B*(u,r,o) for calculations with the for- 
mula (11.3) are given in Fig. 66. These factors are determined by the method 
of successive collisions for iron and lead shields on which unidirectional 
radiation is incident at an angle « [53]. 

In connection with these data it should be noted that the absolute values 
of B quoted in [53] are approximate and the accuracy of the calculation 
is generally of the order of 25-30 per cent. This can be seen by comparing 
the factors B for « = 0° given in Fig. 66 with those determined for the same 
conditions by interpolating data from Tables 29, 31 and 34. 

The data of Fig. 66 can be useful for calculating the relative variation 
in the factor B* as a function of «. An alternative and possibly more ac- 
curate method would be to use these data only for determining the relative 
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Fic. 66. Energy build-up factors B¢ for iron and lead with oblique incidence of radiation on a shield of finite thickness pp r. 


The broken lines are of doubtful accuracy. 
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dependence of B on « by normalizing the values of B for « = 0° with the 
aid of Tables 29, 31 and 34. 

Values of the coefficients a(«) obtained in [59] are given in Table 35. 
These data were determined for shields of concrete and lead, and data 
are presented for various values of the primary energy, angle of incidence 
and absorber thickness. The coefficients a can be used for calculating the 
dose-rate from a formula of the type (11.2). 


TABLE 35. COEFFICIENTS a() FOR CONCRETE AND LEAD SHIELDS 


a = 50° | “« = 60° | ox = 70° 
Radiation : : — 
attenuation Ey = 0-41 MeV (Au?) 
factor K 
Concrete Lead : Concrete Lead | Concrete Lead 
0-1 1-1 — 1-2 — 1:2 1:0 
0:01 2:0 — 2-7 — 4:0 1-0 


0-001 3-7 = 0 = 15 1:5 


0-01 1-4 1-1 


(1-3) 


In this expression, the coefficient a(x) indicates the factor by which the true 
intensity of the radiation behind the shield exceeds that obtained by sub- 
stituting the “oblique thickness” uy r’ in place of wy r in ordinary formulae 
of the type (11.1). The coefficients in the table are given for those thicknesses 
of the shield for which the attenuation coefficient K is equal to 0-1, 0-01 
and 0-001. The quantities in parentheses were obtained by linear extra- 
polation. 

It is apparent that large values of a are obtained for soft radiation, 
large angles of incidence and small values of the attenuation factor K. 
The values of a diminish with increase in the atomic number of the absorber. . 
This is to be expected, since the effect is due to the action of low-energy 
radiation scattered at large angles, which is relatively more important in 
light media for low energies of the incident y-rays. 

From Table 35 it can be seen that, in the case of concrete for example, 
for angles of incidence less than 50° and quantum energies higher than 
1 MeV we can take a ~ 1 for rough estimates and use the values of B for 
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a semi-infinite medium, if the ‘“‘oblique thickness” is taken instead of the. 
normal thickness for determining B. 

Table 36 [54] gives the thickness of a layer of concrete or lead necessary 
for a given attenuation of y-rays incident on a layer of the absorber for 
a = 50, 60 and 70°. Data in this form are useful for practical calculations. 
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Fic. 67. Intensity attenuation factors in a lead shield for various angles 
of incidence « on the front face of the shield. 


The ordinate is the relative intensity of the radiation (%); the abscissa is the 
shield thickness yu, r. The energy of the radiation E, = 4 MeV. 


In Table 36 figures are given calculated on the assumption that the thick- 
ness fy r in usual formulae of the type (11.1) can be replaced by pu, r’, and 
figures obtained experimentally for the case of oblique incidence. 

The quantity r is given in centimetres. The figures in parentheses were 
obtained by extrapolation. 

The attenuation factors for radiation with an energy E, = 4 MeV ina 
lead shield as a function of its thickness u,r and the angle of incidence 


PROPAGATION. OF RADIATION 139 


on the front face of the slab « are given as percentages in Fig. 67. These 
data were obtained theoretically by the Monte Carlo method [50]. 

The build-up factors obtained by the same method [51] are given in 
Table 37 for the case of 0°66 MeV radiation (the energy of y-rays emitted 
by Cs'8”) in water at the angles « = 0 and 60°. Data on the passage of 
radiation through semi-infinite and finite layers of the absorber are given 
for comparison. 

Values in close agreement with those in Table 37 have been obtained by 
other workers using similar theoretical methods [50, 52]. 


TABLE 37. ENERGY BUILD-UP FACTORS IN WATER FOR RADIATION OF ENERGY 0°66 MeV 
AT NORMAL AND OBLIQUE INCIDENCE 


‘ BE BE 
de an = for a shield of finite for a semi-infinite 
gr thickness [po r absorber at depth py r 
0 1 1°89 + 0-09 2°48 + 0-10 
0 2 3-21 + 0-30 4:07 + 0°31 
0 4 5:64 + 0-65 6:98 + 0°72 
60 1 1-65 + 0:09 2°15-+ 0°10 
60 2 2°37 + 0:20 3-48 + 0:29 
60 4 5°40 + 0°73 6:21 + 1:05 


Energy Spectrum of the Radiation 


The energy distribution functions calculated by the method of moments 
[10] for unidirectional radiation in a homogeneous, infinitely thick medium 
are given in Figs. 68 to 78 for water, iron and lead. 

In these graphs the energy of the y-rays in MeV is plotted along the 
abscissa, and the energy distribution function multiplied by e”” along the. 
ordinate. All the data are given for an initial intensity of 1 quantum/sec cm? 
with the primary energy E,. 

The spectra obtained are considerably different if the radiation passes 
through a layer of finite thickness 7 instead of an infinite medium. In the 
former case the low-energy multiply reflected y-rays 's characteristic of an 
infinitely thick medium are absent owing to the edge effect, the shape of 
the spectrum is changed and the average energy is increased. This behaviour 
is apparent in Figs. 79 and 80. 

The energy distribution function of the number of photons as a function 
of their energy, calculated by the Monte Carlo method [51], is given in 
Fig. 79. The function is expressed for one primary y-quantum with 
E, = 660 keV passing through a water shield with a thickness of uy r/cosa = 2 
for « = 0° and 60°. 

The energy distribution function of the energy flux of y-radiation passing 
through a water shield with a thickness uw) r = 8 and wor = 4 as a function 
of the energy of this radiation is given in Fig. 80 in relative units. These 
data were calculated in [50] by the Monte Carlo method for radiation with 
E, = 660 keV, normally incident on the shield. 
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Fic. 68. Energy spectrum of scattered radiation from a unidirectional source 
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Fic. 69. Energy spectrum of scattered radiation from a unidirectional source 


in water; E, = 1 MeV. 


The ordinate is the energy spectrum J,(E, “ r) multiplied by eo’. The abscissa 


= 0:5 MeV. 


in water; E, 
The ordinate is the energy spectrum J,(E, #0 r) multiplied by eo". The abscissa 


is the radiation energy in MeV. 


is the radiation energy in MeV. 
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Fic. 70. Energy spectrum of scattered radiation from a unidirectional source 
in water; E, = 3 MeV. 


The ordinate is the energy spectrum I,(E, x. 7) multiplied by eer. The abscissa 
is the radiation energy in MeV. 
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Fic. 71. Energy spectrum of scattered radiation from a unidirectional 
source in iron; Ey = 1 MeV. 
The ordinate is the energy spectrum J, (E, #,r) multiplied by eo’. The abscissa 
is the radiation energy in MeV. 
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Fic. 72. Energy spectrum of scattered radiation from a unidirectional source 
in iron; Ey = 3 MeV. 


The ordinate is the energy spectrum J,(E, uo r) multiplied by e“er. The abscissa 
is the radiation energy in MeV. 
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Fic. 74, Energy spectrum of scattered radiation from a unidirectional source 
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in iron; E, = 6 MeV. 


The ordinate is the energy spectrum J,(E, #. r) multiplied by e#o", The abscissa 


Fic. 73. Energy spectrum of scattered radiation from a unidirectional source 


in iron; Ey = 10 MeV. 
The ordinate is the energy spectrum J,(E, #0 r) multiplied by efor. The abscissa 


is the radiation energy in MeV. 


is the radiation energy in MeV. 
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Fic. 76. Energy spectrum of scattered radiation from a unidirectional source 


Fic. 75. Energy spectrum of scattered radiation from a unidirectional source 


in lead; Ey = 3 MeV. 
The ordinate is the energy spectrum J)(E, ur) multiplied by e#or. The abscissa 


in lead; Ey = 1 MeV. 


The ordinate is the energy spectrum J,(E, #. r) multiplied by eo". The abscissa 


is the radiation energy in MeV. 


is the radiation energy in MeV. 
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Fic.77. Energy spectrum of scattered radiation from a unidirectional source 
in lead; Ey = 6 MeV. 


The ordinate is the energy spectrum J,(E, #0. r) multiplied by e#or. The abscissa 
is the radiation energy in MeV. 
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Fic. 78. Energy spectrum of scattered radiation from a unidirectional source 
| in lead; Ey = 10 MeV. 


The ordinate is the energy spectrum J,(E, or) multiplied by e“or. The abscissa 
is the radiation energy in MeV. 
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Spectra calculated for the case of an infinite homogeneous water medium 
are given in Figs. 79 and 80 for comparison. The histogram was computed 
by the Monte Carlo method, the smooth curve by the method of moments. 


0-20 

oo E 2660 keV Eo=660 keV 
0-16 a=0° a=60° 

0-14 Hor /cos a=2 tot /cosa=2 
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(a) (b) 


E,. keV 

Fic. 79. Energy distribution of number of photons passing through a water 

shield of thickness “4 r/cos« = 2 per primary photon of energy 660 keV. 
| (a) Normal incidence of radiation; 

(b) Oblique incidence of radiation at an angle « = 60°. The shaded part shows 

the change in the energy distribution between a slab and a semi-infinite medium, 

i.e. the edge effect. 
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E, MeV 
Fic. 80. Energy flux spectrum of y-radiation when radiation with 
Ey = 0°66 MeV passes through a water shield. 
(a) Bor = 4; . 
(b) wor = 8. 
The spectrum is given in relative units. The shaded part shows the edge effect. 


The difference between the spectra of radiation propagated in an infinite 
medium and that passing through a shield of finite thickness is shaded. 
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Angular Distribution of Radiation 


Data on the angular distribution of radiation are available in the literature 
for a few special cases only. Angular distribution functions of the energy 
flux of radiation passing through a water shield of thickness u)r = 4 and 8 
are given in Fig. 81 in relative units as a function of the cosine of the angle 6 
with respect to the direction of motion of the primary radiation. These 
results were calculated by the Monte Carlo method [50] for radiation with 
E, = 660 keV. 


E> =0°66 MeV 
Hor=4 


Eo= 0-66 MeV 
for =8 


-|:0 Oo bo 


cos 9 


Fic. 81. Angular distribution function of the energy flux for E, = 0°66 MeV 
after passage through a water shield of thickness uy) r = 4 and 8. 


The function is given in relative units. The shaded part shows the edge effect. 


The angular distribution functions for the case of an infinitely thick 
medium are given on the same graphs for comparison. The edge effect is 
marked by shading. As can be seen, it manifests itself mainly by the fact 
that there is a component reflected in the opposite direction (shading in 
the region of negative values of cos@), forming about 20 per cent of the 
total intensity of the radiation at the point of measurement, and a proportion 
of twice reflected y-quanta (shading in the region of positive values of cos@). 
The magnitude of this edge effect is in agreement with experiment. 

The edge effect in water has been estimated at 17 per cent for radiation 
with E, = 1:25 MeV and at 35 per cent for E, = 0-41 MeV in the experi- 
mental study [41]. It can be seen from Fig. 81 that the angular distributions 
foruor = 4andyyr = 8 are practically identical. This result is in agreement 
with the theoretical considerations on the angular equilibrium of radiation 
formulated in [35]. 
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§ 12. REFLEXION OF GAMMA RADIATION FROM THE SURFACE OF A SCATTERING 
MEDIUM 


The nature of the reflexion of y-radiation incident on the surface of a 
scattering medium depends on the energy and angular distribution of the 
primary flux. The main problem is to determine the energy albedo for a 
parallel mono-energetic beam of quanta, since any flux of quanta can be 
represented as the sum of parallel mono-energetic fluxes. 

There are data in the literature on the albedo of a “narrow parallel beam”’ 
(see Appendix VII and § 3) and on the albedo in a special case of a non- 
parallel flux of quanta from an isotropic source lying on the surface of a 
scattering medium (see Fig. 29b). 

In addition to the albedo, the relative increase in the dose (or the energy 
flux) at the point of measurement as a result of placing scatterers behind 
the point of measurement is considered in the literature and in measurements 
on scattered radiation. This quantity is related to the albedo and may be 
calculated from it if the arrangement of the scatterers is known. It has the 
significance of a build-up factor for reflected radiation and is therefore 
dependent not only on the albedo but also on the geometry. The build-up 
factor for reflection of radiation was calculated in [50] and measurements 
are reported in [56] for the case of normal incidence of a parallel flux of 
quanta of infinite lateral extent incident on an infinite plane scattering 
medium. These data are given at the end of this section (see also § 3). 

The problem of the reflexion of radiation has been solved far less com- 
pletely and accurately than those considered in §§ 9 and 11. The available 
data, however, allow us to draw a number of general conclusions regarding 
the magnitude of the albedo, the build-up factor and the angular and energy 
distribution of the reflected radiation. 

For light scattering media, the magnitude of the reflected component is 
determined mainly by multiple, not single, scattering of radiation in the 
substance. This can be seen from Fig. 82, where the energy albedo for single 
and multiple scattering is given for reflexion of radiation from a surface 
of concrete or aluminium. The data given in this figure were obtained by 
the Monte Carlo method [55] for the case of normal incidence of radiation 
on a concrete surface. 

In the case of scattering from concrete, the energy albedo of multiply 
scattered radiation is between two and three times larger than that for single 
scattering. 


The importance of multiply scattered radiation diminishes with increase 


lata ta a ela eee eh Teel cm eS ee et ee 


in the atomic number because of photo-electric absorption, and — 7 


~~ Both singly and multiply scattered and reflected radiation are eonaderatly 
softer than the primary y-rays, as can be clearly seen from Figs. 83 and 84, 
which give spectra calculated for y-rays from Co® reflected from concrete [55] 
for different angles of incidence of the primary radiation, and the spectrum 
of y-rays from Cs}*’ reflected from water [51]. In the latter case spectra 
are also given for normal and oblique incidence of radiation on a layer 
PGQ 6 
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of water of finite and infinite thickness. It is apparent that the spectrum 
of the reflected radiation exhibits in all cases a maximum for EF between 
about 160 and 300 keV, irrespective of the angle of incidence of the primary 
radiation. 


0-08 
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Energy albedo 


0-02 


oO Cs!37 2 Co60 4 6 8 Le) i? 
Eo 


Fic. 82. Total energy albedo for concrete (curve 1) and albedos for multiply 
(curve 2) and singly (curve 3) scattered radiation as a function of the energy 
of the primary radiation E, in units of mp c?. 


Relative units 


Fic. 83. Energy distribution of y-rays from Co® reflected from concrete 
for normal and oblique incidence of primary radiation. 


The distribution is given in relative units. The abscissa is the energy of the 
radiation in units of 7 c*. 
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This maximum is characteristic of the energy of quanta scattered in the 
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opposite direction as a result of single s scattering. The spectral distribution — 
of the radiation depends on the angle of reflection, but for each value it 
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Fic. 84. Energy distribution of number of photons reflected from a water 
shield of thickness fy r/cos« = 2 for angles of incidence of the primary 
radiation 0 and 60°. 


The values are relative to one primary quantum with E, = 660 keV. The ab- 
scissa is the radiation energy in MeV. The black areas show the change in the 
distribution when the shield thickness is increased to infinity. 
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Fic. 85. Total energy albedo for concrete with various angles of incidence 
of the primary radiation. 
The abscissa is the energy of the radiation in units of Me c?. 


exhibits a maximum also at the energies characteristic of singly scattered 
radiation at the same angle. This was shown experimentally in [56], where 
the spectrum of a narrow beam of y-rays from Co® reflected from surfaces 
of lead, aluminium and carbon at angles of 105°, 135° and 160° to the direc- 
tion of motion of the primary radiation was. measured. 
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The average energy of the reflected radiation becomes greater when 
y-rays are obliquely incident on the surface of an absorbing medium. This 
is reasonable, because in oblique incidence the y-quanta can escape back 
through the surface of the medium, being scattered through smaller angles, 
and hence changing their energy less than in the case of reflexion of normally 
incident radiation. 

Absolute values of the albedo were determined in [51, 55 and 65]. The 
energy albedo from concrete for radiation with different energies, and hence 
also from aluminium, which has an atomic number nearly equal to the 
effective atomic number of concrete, was determined in [55]. The albedo 
was determined by the Monte Carlo method for normal and oblique in- 
cidence on the absorbing medium at the angles 45°, 60° and 80°. The results 
of this calculation are given in Fig. 85. 

The energy albedo for 1 MeV quanta reflected from different media for 
the angles of incidence 0°, 45° and 80° has been determined in a similar 
theoretical paper [65], together with the energy albedo for an isotropic 
source with E, = 1 MeV on the surface of a scattering medium. The results 
of this work are given in Table 38. 


TABLE 38. ENERGY ALBEDO OF y-RAYS WITH Ey = 1 MeV As A FUNCTION OF THE ATOMIC 
NUMBER OF THE MEDIUM AND THE ANGLE OF INCIDENCE OF THE RADIATION 


| Energy albedo 
Atomic Substance 
number | a = 0° | a = 45° a = 80° Isotropic source 
8 Water 0-051 0-085 0-198 , 0:15 
13 Concrete, soil | 0-044 0-078. 0-192 0-13 
29 Iron, copper 0-027 0-061 0-175 0-12 
50 Tin, barium 0-012 0:038 0-140 0:08 


82 Lead 0-002 0-03 0-092 0-05 


TABLE 39. ENERGY ALBEDO OF RADIATION WITH Ey = 0°66 MeV For A LAYER OF WATER 
OF VARIOUS THICKNESSES ({49 r/COS &) WITH & = 0 AND 60° 
The table also gives energy build-up factors for the same case for a layer of water of 
infinite extent and an infinitely wide beam of y-rays 


, : 
ao, degrees “2 - Energy albedo Build-up factor Bg 
0 1 0-05 + 0-01 1-10 + 0-02 
0 2 0-07 + 0-02 1-14 + 0-03 
0 4 0:07 + 0-02 1-14 + 0-03 
0 ere) 0:07 + 0-02 1:15 + 0:03 
60 1 0-10 + 0-03 1:11 + 0-05 
60 ya 0-13 + 0-03 1:17 + 0-05 
60 4 0-14 + 0-03 1:18 +.0-05 
60 ore 


0:14 + 0-03 1-18 + 0-05 


PROPAGATION OF RADIATION 153 


The energy albedo of radiation from Cs!’ (E, = 0:66 MeV) for a water 
layer. of varying thickness and angles of incidence of 0° and 60° has been 
calculated by the Monte Carlo method [51]. The results of these calculations 
are given in Table 39. 

Detailed measurements of the magnitude of the albedo were made in the 
experimental work of. Bulatov and Garusov [56]. The energy albedo of 
narrow beams of y-rays of Au’ and Co® from various substances was 


O-IS 


0-10 


Energy albedo 


0-05 | 


Fic. 86. Energy albedo of Au? y-radiation (Ey = 0°41 MeV) for substances 
with various Z. 


determined in this work and the results are given in Figs. 86 and 87. As can 
be seen, at points where comparison is possible the measured values are in 
agreement with the theoretical. On the basis of the measurements made, 
the authors arrived at the conclusion that the albedo decreases with increase _ 
in the atomic number of the reflecting medium approximately in proportion 
to Z? and increases in the case of oblique incidence approximately in pro- 
portion to 1/cos«. The latter relationship holds with an accuracy of + 20 per 
cent for all reflectors except lead. 

The energy albedo of isotropic point sources on the plane surface of an 
absorbing medium was measured in [56] and the results are given in 
Table 40. 
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When there is a thin layer of reflector, the albedo may not reach its 
maximum value but the data in Table 41 show that a layer of thickness 
f4or between 1 and 2 for media composed of light elements, and between 
0-5 and 1 for heavy elements, is sufficient and the value accordingly remains 
unchanged on further increasing the thickness of the reflector. This behaviour 
is illustrated in Fig. 88, which gives the variation of the albedo with the 
thickness of the scatterer, determined experimentally [56] for radiation 
from Co®, 


Q:08 


0°06 


Energy albedo 


0-04 


0:02 


Fic. 87. Energy albedo of Co y-radiation (E, = 1:25 MeV) for substances 
with various Z. 


TABLE 40. ENERGY ALBEDO OF RADIATION FROM A POINT SOURCE OF Co, Cs!8? AND Cr5t 


Co®® . Cs}87 Crt 
Reflector a i aa Raa aaa aE a Ta (a a 
from [56] | from [55] | from [56].] from [55]. | from [56] 


0-12 0:21 
= 0:17 
0-05 


Aluminium 
Iron 
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The relation between the albedo and the thickness of the absorber in 
the case of light substances is expressed satisfactorily by the empirical 
formula [56] 

albedo = maximum albedo: (1 — e7?"), (12.1) 


The angular distribution of y-radiation from Au?* and Co® reflected 
from various substances for normal incidence (« = 0°), as measured [56], is 
given in Figs. 89 and 90. 

It should be noted that the intensity of the reflected radiation only de- 
creases slightly and for light elements, water and wood for example, the 


TABLE 41. ALBEDO FOR A REFLECTOR OF FINITE THICKNESS [Ug / 
AS A PERCENTAGE OF THE ALBEDO FOR A REFLECTOR OF INFINITE 
THICKNESS [50] 


Energy albedo 


Thickness of scattering medium, g/cm* 


Fic. 88. Energy albedo for a narrow beam of Co radiation as a function 
of thickness of the scattering medium. 
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intensity even increases on changing the angle of reflexion from 180° to 
between 135° and 130° and then decreases rapidly. 

This relation between the intensity of the reflected radiation and the angle 
of reflexion can be explained physically by the competitive action of two 


Relative units 


Angle of scattering, degrees 


Fic. 89. Angular distribution of the energy of Au *y-radiation reflected 
from various substances with normal incidence of a narrow beam of rays: 
on a thick reflector. 


The distribution is given in relative units. 


Teme ON i a tn 


‘scattering of a y-quantum at this angle increases, so that the intensity of 
the scattered radiation increases as 0 decreases. Secondly, on reducing the 
angle 6 the path travelled in matter by the y-quantum reflected at this angle 
increases. Hence the probability of its absorption before reflexion increases, 
and this leads to a decrease in the intensity off the scattered radiation 


as 6 diminishes. ‘of 
Ny mate te 
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In the case of oblique incidence the maximum intensity of the reflected 
radiation is observed in directions forming the smallest angles with the 
direction of the incident radiation. 

This can be seen from Figs. 91 and 92, which depict the angular distri- 
bution of scattered radiation in a plane passing through the direction of 
the incident beam and its projection on the reflector (plane for which 


yp = 0°). 


1000 


Relative units 


Angle of scattering,@, degrees 


Fic. 90. Angular distribution of the energy of Co® y-radiation reflected 
from various substances with normal incidence of a narrow beam of rays 
on a thick reflector. 


The distribution is given in relative units. 


The same figures give the angular distribution of the reflected radiation 
in planes passing through the projection of the incident beam on the reflector 
and forming angles of 30 and 60° with the plane » = 0°. Curves are given 
for the reflexion of Au!® and Co® y-radiation from aluminium for the 
case of oblique incidence of primary radiation at an angle of 60°. 

In addition to these data on the aibedo, the angular and spectral distri- 
bution of radiation, build-up factors can also be useful for practical cal- 
culations. Energy build-up factors with which the total intensity of radiation 


PGQ 6a 
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in front of a broad, plane scattering medium can be determined when a 
beam of y-rays of infinite lateral extent is incident on it have been calculated 
in [50 and 51]. The data of [51] have already been given in Table 39. Those 
obtained in [50] are given in Table 42. In this paper the build-up factors 
were calculated for radiation with different energies. on reflexion from 
various substances at angles of incidence of the primary radiation 0° and 60°. 


500 


400 


Relative units 


Fic. 91. Angular distribution of the energy of Au®®*y-radiation reflected 
from aluminium with oblique incidence of a narrow beam at « = 60°. 


The distribution is given in relative units for a plane passing through the in- 

cident beam and its projection on the reflector (curve » = 0°) and for planes 

passing through the projection of the beam and making angles 9 = 30° and 

60° with the plane » = 0°. The abscissa is the angle 9 measured from the direc- 
tion of the primary radiation. 


TABLE 42. ENERGY BUILD-UP FACTORS Br FOR THE CALCULATION OF THE TOTAL INTENSITY 
OF RADIATION IN FRONT OF THE REFLECTOR FROM THE FORMULA J = Beg Jinit 


1-061 1:142 | 1:022 | 1:086 | 1-009 
1:011 — 1-005 — 1-001 © 
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Evidently the relation between the build-up factors and the energy of 
the primary radiation, the atomic number of the reflector and the angle of 
incidence is qualitatively the same as in the case of the energy albedo. 
The values of the build-up factor for water are in agreement with the ex- 
perimental data [56] for y-radiation from Co® and Au’® for reflexion from 


carbon. 


Relative units 


120 170180-I70 150 


8 


Fic. 92. Angular distribution of the energy of Co y-radiation reflected 
from aluminium with oblique incidence of a narrow beam at « = 60°. 


The notation is as in Fig. 91. 


§ 13. A PLANE IsoTROPIC SOURCE 


Any plane isotropic source (see Fig. 30) can be considered as consisting 
of individual point isotropic sources. The sum of the radiations from all 
the component sources gives the radiation of the plane source. This sum- 
mation can be made numerically, but in some cases analytical expressions 
can be obtained. Let us consider, for example, the case of a uniform distri- 
bution of sources on some plane in a homogeneous medium (the surface 
density of the activity is constant). 

If the law of absorption for each individual source can be represented 
in. an exponential form, for example, as in the case of propagation of 


6a* 
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primary radiation only, when the attenuation factor of radiation in matter 
K = e~!, then the intensity of radiation J(E, ro, h) at a height h over the 
centre of a plane circular source of radius ry is defined by the expression 
(Fig. 93) 


I 
oKds e~ Hol 
T(E, 79h) = | = [ of —{2aldl 
h 


Ss 


=F o[-Ei(—pyh) + £i(— pol]. (13.1) 


where s is the area of the source, J, = (r¢ + h?),1 dl = rdr,o is the surface 
density of the activity, e.g. in MeV/cm?- sec, and £7 is a tabulated function 
[62] (see Appendix V). 


Detector 
i . 
Pd 


Fic. 93. Diagram for the calculation of the intensity of radiation over 
a plane isotropic source. 


The intensity of radiation over an infinite plane source, i.e. when 
ry > 00,18 


I(Ey, 00, hi) = 5 o[— Ei fu AD]. (13.2) 


The intensity of radiation over the centre of an annulus bounded by 
circles with radii r, and rz is 


J(Eq T1542, h) = JE, 2, h) — J(Eq, 11, 4). (13.3) 


The intensity of radiation produced at the point of measurement by a 
plane source in the form of a sector of an annulus with the aperture ¢° is 


aia 


J(E,; ry, lo, Y; h) = J(E3; Fy5 lo, h) 360 ° 


If a plane source of complex configuration with non-uniform distribution 
of activity can be represented in the form of a sum of the sectors of different 
annuli, within which the activity is uniformly distributed over the plane, 
the intensity of radiation at any point in space can be determined with the 
help of the above formulae. 

Under the conditions of “bad geometry’ the relation between the 
attenuation factor K and / cannot be expressed by a simple exponential term. 
The integration in formula (13.1) has accordingly to be carried out numeri- 
cally. If K can be represented in the form of a sum of exponential terms, 
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however, for example in accordance with formulae (9.4) or in the form 
of the expression (9.6), J is then obtained by substituting the corresponding 
expression for K in (13.1): 


J(Eq, fo, h) = = o[4,{— il (1 + 04) Mp h] + Ei{-( + 1) Mo Io]} + 


ap Ch A,){— Ei[— (1 + 2) mh] + Eif[-(1 + &2) Mo Al} (13.1’) 
or 


] ; " 
J(E£o; Yo» h) = Goole E i(— Mess h) a Ei(— fers 1,)]. (3.1 ) 
Correspondingly, instead of (13.2) we obtain 
] ; 
J (E65 OO, h) = = ol Ait — Ei[- ¢ + 0&1) My h)} + 


+ (L — Ay){— Ei[—(1 + &) My Al} (13.2’) 
OT 


1 ° ft 
J(£y, 0, h) = 5 O%L— Bil Mote h)]. (13.2) 


The results of calculations of the intensity of radiation over the centre 
of a plane uniform circular source in air are given in Table 43. The calcula- 
tions are based on the data of model experiments on the propagation in 
water of radiation with an energy E, = 0-41, 1:25 and 2:8 MeV [42]. 

The coefficients c(h, E, 7.) for calculations with the formula 


J = co MeV/sec - cm? (13.4) 


are given in this table. 

Because of the weak dependence of the coefficient of energy absorption 
on the energy of the quanta, the same values of c can be used for calculating 
the dose (correct to 15 per cent): 


P=47 x 10-'cor/sec (13.5) 


when 0:1 MeV < Ey < 2:5 MeV. | 

The coefficients 2c(h, E,, r) are given in Fig. 94 for convenience of inter- 
polation. 

These data may be used to determine the dose in air over a plane source. 

On varying / from 0-7 to 200m the intensity of the radiation remains 
practically independent of the spectrum of the primary radiation under the 
.given geometrical conditions. Hence the activity o can be determined from 
values of the dose in air, without any information regarding the spectrum 
of the source of radiation (provided that 0-4 MeV < E, < 2°8 MeV). 

The data of Table 44, which indicate the contribution of the regions 
of the surface at different distances from the point of measurement, may be 
found useful in practice. 

The radii of regions of the plane source, the radiation from which con- 
tributes 50, 80 and 90 per cent of that due to an infinite plane source in 
air are given in Table 44. 
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TABLE 43. COEFFICIENTS c(h, Ey,7r) FOR CALCULATING THE INTENSITY OF RADIATION 
IN AIR AT A HEIGHT / m ABOVE THE CENTRE OF A CIRCULAR PLANE SOURCE OF RADIUS r m. 
The density of air is 0-00129 g/cm? 


E, = 0°41 MeV 


0:3 25 _ ~— ~ ie 
0:60 50 | 0-055 0-165 0:38 0-60 0:74 | 0-75 
1-21 100 — ~ — = = 0-40 
2-42 200 | 0-0020 00082 0-030 0-085 | 0-13 | 0-14 
3-0 250 | 0-0010 00042 0-016 0-043 | 0-081 | 0-085 
3-63 300 — ~ —- = = 0-048 
6-05 500 | 0-43 x 10-4] 1-75 x 10-4] 6-4 x 10-4 | 0-0021 | 0-0052 | 0-0062 

12-1 1000 _ ~ _- = = 000006 


E, = 1:25 MeV 


0:0074 1 1-6 1-95 2:28 2°53 2°71 2°73 


0°185 25 a = = = = 1-12 
0°37 50 0:053 0-16 0°37 0-58 0-76 0-78 
0-74 100° = = = = , 0-45 
1-48 200 0-0022 0:0087 0:037 0-093. 0-18 0-19 
1-85 250 0:0012 0-005 0-018. 0-052 0°116 0:13 
2°22 300 = = as _ ce 0-09 
3°7 500 1 x 10-4 3-9 x 10-4 | 14-5 x 10-4] 0-005 0:0135 | 0-018 
7:4 1000 = = = = = 0-0005 
_ Ey = 2°38 MeV 
0-236 0:470 0:94 00 
Ugh r 
; 25 50 100 200 00 
0:0033 0-7 = = a = = 2°85 
-0-0047 1 1-6 1-93 2°25 2°52 4 2°73 2°78 
0-118 25 mae =~ = ee sy 1-19 
0-236 50 0-053 0-16 0-365 0°59 0°8 0-85 
0:47 100 = = = = a 0°53 
0-94 200 0-0024 0:0095 0-037 0-1 0-215 0-26 
1-18 250 0-0015 0-006 0:0225 0:06 0-15 0-19 
1-42 300 ee = oo 0-145 


236 | 500 | 1-65 x 10-4] 6-5 x 10-4 | 25 x 10- | 0-009 | 0-035 | 0-052 
4-7 | 1000 — ~ - fo= — | 0-0055 
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TABLE 44. RADII (IN METRES) OF REGIONS OF AN INFINITE AREA OF ACTIVITY WHICH 
ACCOUNT FOR 50, 80 AND 90 PER CENT OF THE TOTAL INTENSITY AT THE POINT OF 
MEASUREMENT 


E, = 0°41 MeV E, = 1:25 MeV Ey = 2:8 MeV 
50% | 80% | 90% | 50% | 80% | 90% | 50% | 80% | 90% 
1 75 | 140 15 85 | 160 95 180 
50 200 | 290 110 230 325 270 370 
200 300 | 375 210 340 460 475 4 
250 370 | 450 250 370 — 500 = 


500 460 a 325 550 — 


+1 
ae cg 0-ai-25;20meV 
=== — 


h=lm qn" 8 e 

ee 

ee ee 
fale eee {eed 


Eo= 2-8 MeV 


aa 
a 
| se 


logioac (h, Eo, r) 


“3 a ee ee 
[// a a a aes 
| i a ae 
Le | Sat i (ae eS 
CC ae a ee ee 
1 6 Se a ae 


e 100 400 50O 


r, m 
Fic. 94. Coefficients c (h, E,, r) multiplied by 2, for calculating the intensity 


of radiation at a height 4 above the centre of a circular plane source of 
radius r m. 
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It follows from this table that independently of the configuration of the 
activity, if its radius exceeds a few hundred metres, the intensity of the 
radiation can be determined in practice (when h/ is not very large) from the 
formulae and the tables for an infinitely extended region of activity. For 
example, within wide limits of F, the intensity of y-rays over a sufficiently 
large plane source for h = 1 m can be determined from the formula 


J =~ 36 MeV/cm?: sec, 


13.6 
Pwxt15 x 10-%or/sec. ve) 


All the data given above refer to a plane source in a homogeneous air 
medium. 

If the medium is not homogeneous and the sources, as usually happens 
in practice, are situated on the earth’s surface, the effect of the earth on 
the propagation of radiation in air considered in § 10 has to be taken into 
account. 

The coefficients c(h, Ej, r) for h = 1 m calculated according to the data 
of § 10 are given in Table 45. 


TABLE 45. COEFFICIENTS c(h, Ey,7) FOR h=1m AND Ey, = 1:25 MeV FoR A PLANE 
SOURCE ON THE SURFACE OF THE EARTH 


on 25 | 50 | 100 | 200 | 500 | 
c(h, Ey,r) | 1-65 | 2:0 | 2:31 | 252. | 2-64 | 2-66 


The numerical results given above in Table 43 were determined for the 
case of propagation. of radiation in an air medium. If the medium in which 
the radiation is propagated is denser than air but consists of elements with 
atomic numbers nearly equal to the effective atomic number of air 
(Zee = 7:64) the data of the same tables can be used for calculation. The 
distances r and h have to be expressed not in metres but in units proportional 
to the free path of the radiation in matter, i.e. the values of wor and wah 
have to be taken. 

Thus, for example, for a given surface activity o and identical values of 
fot and uy h the intensity of the radiation will be approximately identical 
in water (Z.,, = 7-42), in air and in light soil, in spite of the fact that the 
linear dimensions r and fA will differ by a factor of several thousands. 

The data of Table 43 can also be used in the case where the point of 
measurement is situated not over a plane source but to one side of it 
(Fig. 30b). For an approximate solution of this problem the source has to 
be represented in the form of an annular sector or the sum of such sectors, 
the vertices of which are at the epicentre of the point of measurement. 
The intensity of the radiation contributed by each annular source delimited 
by the radii 7, and r, can be determined by taking the difference of the values 
c(r,, Ey, h) — c(re, Ey, h) given in Table 43 for different values of r. The 
intensity of radiation due to a part of the ring, e.g. a ring sector, can then 
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be determined as in the expression (13.4). By summing the intensity from 
all annular sectors into which the real source was divided the total intensity 
at the point of measurement can be determined. The degree of approximation 
of the solution will depend on the approximation with which the area of 
the source is divided into annular sectors and the extent to which the sources 
may be considered uniformly active. 

The data of Table 43 were obtained by numerical integration. The same 
results can be obtained analytically by using the expression for the build-up 
factors Bp and B, for the radiation of an individual point source in the form 
of a sum of two exponential terms as was done in §9 (see the formulae 
(13.2’)). 

The results of such calculations of the intensity and dose of radiation 
over an infinite plane isotropic source in water and lead for different values 
of EF, are given in Table 46. Unlike Table 43, the data here are represented 
in the form of the build-up factors BP and Be. In this case B™ is equal to 
the ratio of the total intensity of radiation J at the point of measurement 
to the intensity J, of the primary radiation only. According to (13.2) the 
latter is equal to 


Jo = Sol- E i(— My h)] MeV/sec - cm. 


Similarly 
P 
BP = — 
D P, 
and 
Py) = 1:48 x 107-5 Ugo (air) Jy r/sec. 
Hence 


pe Be, = Be 5 o[- E i(— fa h)| MeV/sec - cm? = c o MeV/sec- cm?, 


P= B3 Py = BY: 1-48 x 10-5 ua, (air) 5 o[-Bi(— pm h)| r/sec; (13.7) 
for 0-1 MeV < E < 2:5 MeV 


P = BR-47 x 10-1 Sol Ei(— h)| r/sec. 


The coefficients c in formula (13.5) are connected with the coefficients of 
formula (13.7) and Table 46 by the relation 


‘ = 5 BRI-Ei(— )). (13.8) 

Thus to determine the intensity of radiation at a given height h it is necessary 

to have, in addition to the values of B?!, a table of Ei functions, which is 
given in Appendix V. 

Only fragmentary information occurs in the literature on the angular distri- 

bution of radiation from a plane isotropic source. The existing data are given 

in Figs. 95a to 95d, which show the angular distribution for radiation from 
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TABLE 46. Dosz AND ENERGY BUILD-uP Factors B®,)AND BP! FOR AN INFINITE PLANE 
IsOTROPIC SOURCE IN A HOMOGENEOUS MEDIUM 


Water 


pl 
BE 


1 3°20 2°37 1-47 

pA 5-03 3°31 1-72 

4 9-69 5°35 2°20 

7 18-7 8°65 2°87 
10 28°8 12°3 3°51 
15 50°4 18-8 


F(E,h,w,)e“oh 


F(E,h,w,)e#0" 
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0-864 MeV 


0-864 MeV 
0-762 
0-680 


O°561 ~_ 


| 


Fic. 95a. Angular distribution F(E, h, @,) of radiation at a height # above 
a plane isotropic source of y-rays in water, of energy 1 MeV. 


The distribution function multiplied by eo, is given as a function of w,, the 
cosine of the angle of deviation from the normal to the source. The ordinate 
is normalized for a source emitting 1 photon/sec. cm:?.. 
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an infinite plane source in an infinite homogeneous water medium (the 
medium is infinite on both sides of the source) obtained theoretically by 
the method of moments [60]. 


2:4 
E=0°864 MeV 
2:2 


2-OF- 


F(E, h, w,) e#eh 


O * : = 4 
-I0 -O08 -O6 -0-4 -0-2 


Fic. 95d. Angular distribution function of the energy spectral component 
E = 0°864 MeV for Mon = 0, 1/16, 1/8, 1/4, 1/2, 1, 2, 4. 


§ 14. A THICK RADIATING LAYER OF AN ABSORBING MEDIUM 


In this section we shall consider the distribution of y-radiation over a 
plane surface of a thick active layer of absorbing material which is a source 
of y-rays as well as an absorber. A practical example of such geometrical 
conditions of propagation of radiation is the problem of y-radiation over 
the surface of water with dissolved radioactive isotopes emitting y-rays, 
or over activated soil (see Fig. 31). 

As in the preceding section, the volume source considered can be re- 
presented in the form of a sum of separate point sources distributed in 
a thick layer of the absorber. Knowing the laws of propagation of radiation 
from a point source, information on radiation from a volume source can 
be obtained. by integration. 

The yield of y-radiation from a point source under the surface of an 
absorbing water layer was investigated experimentally in [64] for radiation 
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with E, = 0°41, 1:25 and 2:8 MeV and for radiation from Na”! (average 
energy 2:1 MeV). 

Measurements have shown that the attenuation factor of radiation in 
a layer of water of thickness x differs considerably from that in a homo- 
geneous water medium. Up to a certain distance, amounting to a few uy x 
at least, it can be described by the formula 


ke = 0 e-*lee, (14.1) 


The experimentally obtained coefficients « and Ag are shown in Table 47. 


TABLE 47. COEFFICIENTS & AND Agsp FOR THE CALCULATION OF THE LAW OF ATTENUATION 
OF RADIATION OF A LAYER OF WATER OF THICKNESS X¥ FROM FORMULA (14.1) 


The coefficients «, which depend only slightly on £ in practice, are in- 
dependent of the density of the substance for any light absorber, while the 
coefficients A... are inversely proportional to the ratio of the electron 
densities of the substances. By making use of this fact the coefficients « 
and A.,, can be determined for other light substances, e.g. for active layers 
of soil or concrete. | 

If the distribution of sources of y-rays in a layer of the medium is known, 
the intensity over the surface of the medium can be calculated with the 
help of formula (14.1) and the data of Table 47. 

If the density of the source distribution in the medium is uniform the 
solution can be obtained in the form of simple formulae. 

Let us consider, for example, the problem of the intensity of radiation 
over a surface of water, in an infinite upper layer of which are uniformly 
distributed sources of y-rays with a specific activity g MeV/sec cm?. A sche- 
matic diagram of the problem is given in Fig. 96. The intensity of radiation J 
at a height /: over the surface of the layer of water of thickness x, 1s expressed 


by the formula 
es [ kdv 
~ JF aa ”’ 
where »v is the volume of the active layer, 


dv=2ardrdx, k=ae-*Weg*, a ee a 


Substituting and integrating we get 


I 
ys SRA ee X to 
% re fax = ref {- Ei(— I dx 


cede + gto ener). ons 
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Here Fi is the tabulated function (see Appendix V) [62]. If the integration 
with respect to / is performed from /, to oo, the intensity of the radiation 
J (Ip, 00, Xo) is obtained for the entire, infinitely wide, layer of active water, 
except the region for which > /> A. 

If the integration with respect to / is performed from / = h to oo the 
intensity of radiation J(h, 00, x9) 1s calculated over the entire infinitely wide 
layer of water: 


—ox-tely | af 
J(h, 00, Xo) = & +8 |X| Ei( 7 


eff 


| + Ace (1 — o> */4en)$. (14.3) 
] | 


Detector 
ad 
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Fic. 96. Diagram for the calculation of the dose rate over the surface of 
active water. 


It is an interesting fact that in this case J(h, 00, x.) does not depend on A. 

This is correct if the absorption of radiation in air over the earth can be 
neglected, 1.e. for A not greater than between about 20 and 50m. 

The intensity of radiation over an infinitely thick layer of an absorber 

(x, > 00) is 
1 h 
Hl, 2,20) = 8°78 he 7 | 
: (14.4) 


The. co) = 05 8 haw. | 


The intensity over a finite section of an active layer of water of thickness x, 
and radius ry, = V/(é — h®) is 


H(hy Fos 4) = I(t, 0, %6) — Ila» 5%) = 5-& Mh Foy X)» (14.5) 
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The calculated relationship between M and r, and x, for h = 1m for 
radiations of different energy is shown in Fig. 97 for active water and in 
Fig. 98 for active soil with a density of 1-7 g/cm?. 

These graphs are useful for practical dosimetry calculations. When the 
activity is uniformly distributed in an absorber which is extensive both 
laterally and in depth it will be seen that the upper layer of the absorber 
(S cm in the case of soil and 10 cm for water) accounts for up to 50 per cent 


40 

30 
“Oo 
= 
2 
= 

20 

Ua ee 
10 20 30 40 50 co 
Xo cm 


Fic. 97. The function M(ro, x)) for the determination of the dose rate at 
a height A= 1m above the surface of uniformly active water. ry is the 
radius of the region of active water. 


of the total intensity of the radiation. Layers of active soil lying at a thickness 
of more than 20cm account for not more than 15 per cent of the total 
intensity. It can therefore be considered that an upper layer of active soil 
some 20 or 30 cm in thickness, or an upper layer of active water 30 to 40 cm 
in thickness, accounts for almost the entire intensity of radiation in the 
problem considered. 

Hence, when the distribution of activity is uniform in a thick layer of the 
absorber, the intensity of y-radiation over it can be calculated from the 
simple formula 


g Jen (1 7 oo (14.6) 


where 
ly = (i? + 72). 
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This relation in conjunction with the data of Figs. 97, 98 may be used. to 
determine the dependence of the intensity over the centre of a thick active 
region of the absorber on the radius of the region rg. When the activity 


= 2°| MeV 


E (No24) 


1-25 MeV 


M(r51 Xo) 


0-41 MeV 


Fic. 98. The same function M(ry, Xo) as in Fig. 97, for the case of active 
soil with a density 9 = 1-7 g/cm’. 


of the absorber is uniform, regions of active soil at a distance greater than J, 
constitute less than (//,) 100 per cent of the total intensity of radiation at 
the point of measurement. For example, for h = 1 m, regions of the absorber 
farther than 10m from the point of measurement can contribute only 
10 per cent of the total intensity and those farther than 20m less than 
S per cent. 
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‘In the light of these results it follows that, when the activity of water 
is uniform, the intensity for a depth greater than 30 or 40cm and for a 
radius of the water surface greater than 10h at a height h over its centre is 

me oO +8 Ae MeV/sec - cm? (14.7) 
and the dose rate 
mY Oo xg Ae * 1:48 x 10-5 uy r/sec, 
where [go is the linear absorption coefficient of the primary radiation in 


air, and the coefficients « and A, can be obtained for E, from 0:41 to 
2:8 MeV by interpolation in the data of Table 47. 


Energy 
of 
quanta, 
MeV 


Electron 
scattering 
cross-section, 
10-74 cm?/atom | 10-*4 cm?/atom 
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TABLE 1. HYDROGEN 


Photo-electric 
effect cross- 


section, 


+ 10-4 cm2/atom x 0:5997 = cm?/g. 
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FOR VARIOUS ELEMENTS AND 
COMPOUNDS [68] 


Pair production cross- 


at nuclei 


0:000044. 


0:00018 
0-00051 
0:00082 
0-0011 
0:0013 
0:0018 
0:0021 
0:0028 
0:0033 
0-0040 
0:0045 
0-0048 
0:0051 
0:0056 
0-0059 


section, 10-74 cm?/atom 


at electrons 


0-00001 
0:00005 
0-000] 
0-0002 
0-0004 
0:0006 
0-0011 
0-0015 
0-0021 
0-0026 
0:0029 
0-0033 
0:0038 
0-0042 


Absorption 
coefficient 
neglecting 

coherent 
scattering, 
cm?/g T 


0:385 
0:377 
0-369 
0-357 
0-345 
0-335 
0-326 
0-309 
0-295 
0-265 
0-243 
0-212 
0-189 
0-173 
0-160 
0-140 
0-126 
0-103 
0-0876 
0-0691 
0-0579 
0-0502 
0:0446 
0:0371 
0:0321 
0-0249 
0-0209 
0:0168 
0-0147 
0-0133 
0:0125 
0-0115 
0:0109 
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TABLE 2. BERYLLIUM 


Photo- 
electric 


Pair production Absorption 
cross-section coefficient f 


Scattering 
cross-section 


Energy , CrOss- 
of »with without | section at ; with without 
quanta, | coherent | coherent | K and L | at nuclei Prd cee coherent | coherent 


MeV scattering | scattering| levels scattering | scattering 


10-** cm?/atom cm?/g 
0-01 3°54 2°56 5°42 0-599 0°533 
0-015 3°01 2°52 1-39 0-294 0-261 
0-02 2:77 2°47 0-52 0-220 0-200 
0:03 2°53 2°39 — © 0-13 0-178 0-168 
0-04 2°38 | 2:31 0-052 0-163 0-158 
0-05 2:29 2°24 0-021 0-154 0-151 
0-06 2°21 2°18 0-010 0-148 0-146 
0-08 2:10 2°07 0-140 0-138 
0-10 1-99 1-972 | : 0-133 0-132 
0-15 1-78 1-774 0-119 0-119 
0-20 1-63 1-626 0-109 0-109 
0-30 1-414 0-0945 
0-40 1-267 0-0847 
0°50 1-157 0-0773 
0-60 1-070 0-0715 
0-80 0-940 0-0628 
1-0 0°845 0-0565 
1-5 0-686 0-00071 0-0459 
2:0 0-586 0-0028 0-0394 
3-0 0-460 0-0081 0-00005 0-0313 
4-0 0-384 0-013 0-0002 0-0266 
3:0 {| 0-331 0-018 0-0004 0:0234 
6:0 0-293 0-022 0-0008 0-0211 
8-0 0-240 0-028 0-002 0-0180 
10 0-204 0-034 0-003 0-0161 
15 0-1509 0-044 0-004 0-0133 
20 0-1210 0-052 0-006 0-0120 
30 0-0880 0-063 0-008 0-0106 
40 0-0698 0-070 0-010 0-0100 
50 0-0582 0-076 ~ 0-012 0:00977 
60 0-0502 0-081 0-013 0-00964 
80 — 0°0395 0-087 0-015 0:00946 
100 0-0328 0-093 0-017 0-00955 


+ 10-* cm?/atom x 0-06684 = cm?/g. 
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TABLE 3. CARBON 


Pair production Absorption 
cross-section coefficient f 


Scattering 
cross-section 


Photo- 
electric 
cross- 

section at 
K and L | at nuclei 


Energy 
of with without 
quanta, | coherent | coherent 


with without 
coherent | coherent 


at 
electrons 


MeV scattering |scattering| levels scattering | scattering 
10-24 cm?/atom cm?/g 

0:01 6°88 3°84 38-6 2:28 2°13 
0-015 5-30 3°77 10-2 0-777 0-701 
0-02 4-64 3°71 3-91 0°429 0-382 
0:03 4-04 3-58 0-99 . 0-252 0-229 
0-04 3°71 3°47 0-38 0-205 0-193 
0-05 3°50 3°37 0-18 0-185 0°178 
0:06 3°37 3-28 0-096 0-174 0-169 
0-08 3°18 3-10 0-037 0-161 0-157 
0-10 3-02 2°96 0-017 0-152 0°149 
0-15 2°69 2°66 0-0040 0-135 . 0-134 
0-20 2°46 2°44 0-123 0-122 
0-30 2°13 2°12 0-107 0-106 
0-40 1-900 0:0953 
0°50 1-735 0-0870 
0-60 1-605 0-0805 
0-80 — 1°410 0-0707 
1:0 1-267 . 00636 
1-5 1-030 0-:0016 0:0518 
2:0 0-878 0-0063 0°0444 
3-0 0-691 0:018 0-00007 0:0356 
4:0 0°576 0-030 0:0003 — 0-0304 
5:0 0-497 0-040 0-0007 0:0270 
6:0 0-439 0-048 0-001 00245 
8-0 0-359 0-063 0-002 0:0213 
10 0-306 0-076 0-004 0:0194 
15 0-226 0-099 0-006 0:0166 
20 0-1814 0-116 0-009 0:0154 
30 ~ 90-1319 0-140 0-012 00142 
40 0-1048 0-157 0-015 0-0139 
30 0-0874 0-170 0-018 0-0138 
60 0-:0752 0-180 0-020 0-:0138 
80 0-0593 0°195 0-023 0°0139 


100 0-0492 0:207 0-025 0:0141 


ft 10° cm?/atom x 0-05016 = cm?/g. 
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TABLE 4. NITROGEN 


Scattering Photo- Pair production Absorption 
cross-section electric cross-section coefficient f 
Energy cross- 
of with without | section at with without 
quanta, | coherent | coherent | K and J | at nuclei ae coherent | coherent 


scattering | scattering 


MeV |scattering|scattering| levels 


0-01 8:96 4-48 79-4 3°80 3°61 
0-015 6°72 4-40 21:2 1-20 1-10 
0-02 5°73 4°33 8-21 0-600 0-539 
0-03 4-84 4:18 2°15 0-301 0-272 
0-04 4-45 4-05 0-81 0-226 0-209 
0-05 4-14 3°93 0-38 0°194 0-185 
0:06 3°98 3°82 0-21 0-180 0-173 
0:08 3°73 3°62 0-082 0-164 0-159 
0-10 3°54 3°45 0-041 0-154 0-150 
0-15 3°15 3°11 0-010 0-136 0-134 
0:20 2°87 2°85 0°123 0-123 
0°39 2°48 2°47 0°107 0:106 
0-40 2°22 0-0955 
0-50 2°20 0:0869 
0-60 1-872 0:0805 
0:80 1-645 0:0707 
1-0 1-478 0:0636 
1:5 1-201 0:0022 0:0517 
2:0 1-025 0:0086 0:0445 
3°0 0:806 0-025 0-00009 0:0357 
4:0 0:672 0-040 0:0003 0-0306 
5:0 0°580 0:054 0:0008 0:0273 
6:0 0-512 0-066 0-001 0:0249 
8-0 0-419 0-086 0-003 0:0218 
10 0°357 0-103 0-004 0:0200 
15 0-264 0-134 0-008 0:0175 
20 0-212 0-158 0-010 0:0163 
30 0-1539 0-190 0-015 0:0154 
40 0°1222 0-213 0-018 0:0152 
350 0-1019 0-231 0-020 0:0152 
60 0:0878 0-244 0-023 0:0153 
80 0-0692 0-264 0:026 0-0154 
100 0:0574 0-280 0:029 0:0158 


t 10-24 cm?/atom x 0-04301 = cm?/g. 
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TABLE 5. OXYGEN 


Absorption 
coefficient f 


Pair production 
cross-section 


Scattering 
cross-section 


Photo- 
electric 
cross- 
‘section at 


without 
coherent | coherent 
.| scattering | scattering 


at 
electrons 


0-01 | 11:5 5-12 | 146 5-93 5-69 
0015 | 828 | 5-03 39-6 1-80 1-68 
0-02 695 | 4-94 15-4 0-842 | 0-766 
0-03 5-77 | 4-78 4-09 0-371 | 0-334 
0-04 5-18 | 4-62 1:55 0-253 | 0-232 
0-05 4:80 | 4-49 0-73 0:208 | 0-197 
0:06 4:61 | 4-37 0-40 0-189 | 0-180 
0:08 4:30 | 4-14 0-15 0-168 | 0-162 
0-10 4-06 | 3-94 0-071 |° 0:156 | 0-151 
0-15 3-61 | 3-55 0-020 0-137 | 0-134 
0:20 3-29 | 3-25 0-010 0-124 | 0-123 
0:30 2:84 | 2-83 0-107 | 0-107 
0:40 2:54 | 2:53 0-0956 | 0-0953 
0:50 2:31 0-0870 
0-60 2:14 0-0806 
0:80 1-880 0-0708 
1-0 1-690 00636 
1:5 1:373 0.0028 0:0518 
2-0 1:171 0-011 0-0445 
3-0 0-921 0-032 | 0-0001 0:0359 
4-0 0-768 0-053 | 00004 0:0309 
5-0 0-663 0-070 | 0-0009 00276 
6-0 0-586 0-086 | 0-002 0:0254 
8-0 0-479 0-112 | 0-003 | 0-0224 
10 0-408 0-134 | 0-005 0-0206 
15 0-302 0-175 | 0-009 0-0183 
20 0-242 0:206 | 0-012 0-0173 
30 0-1759 0:248 | 0-017 00166 
40 0-1397 0-278 | 0-021 0:0165 
50 0-1165 0-300 | 0-023 0:0165 
60 0-1003 0-317 | 0-026 0-0167 
80 0-0790 0:344 | 0-030 00171 
100 0-0656 0:364 | 0-034 0:0175 


t 10-24 cm?/atom x 0:03765 = cm2/g. 
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TABLE 6. SODIUM 


Scattering Photo- 
cross-section electric 


Pair production Absorption 
cross-section coefficient + 


Energy cross- 
of section at 7 ea sea 
uanta coherent | coheren 
Re on: scattering | scattering 
10-74 cm?/atom cm?/g 
0-01 20 7-04 588 15-9 15°6 
0-015 14 6°92 169: 4-80 4-61 
0-02 11:2 -| 6-80 67-5 2:06 1:95 
0-03 8-8 6°57 18-1 0:705 | 0:646 
0:04 7:8 6°36 7:0 0-388 0-350 
0-05 71 6°17 3:3 0°273 0:248 
0-06 6:67 | 6-01 1-87 0-224 0-206 
0-08 6:08 5°69 0-74 |. 0-179 0-168 
0-10 5°70 5-42 0-35 | 0-159 0-151 
0-15 5-01 4°88 0-091 0-134 0-130 
0-20 4°54 4°47 0-040 0-120 0-118 
0-30 3°92 3°89 0-010 0-103 0-102 
0-40 3°50 3°48 0:0917 0-0912 
0-50 3°19 3°18 0-0836 0:0833 
0-60 2°94 0-0770 
0-80 2°58 0-0676 
1:0 2°32 0-0608 
1-5 1-888 0-0054 0-0496 
2:0 1-610 0-021 0-0427 
3-0 1-266 0-061 | 00001 0-0348 
4-0 1-056 0-100 0-0005 0-0303 
5°0 0-911 0-133 0-001 0-0274 
6-0 0-805 0-163 0-002 0:0254 
8-0 0-659 0-211 0-004 0-0229 
10 0-561 0-252 0-007 0-0215 
15 0-415 0-330 0-012 0:0198 
20 0-333 0°387 0016 0-0193 
30 0-242 0-465 0-023 0-:0191 
40 0°1921 0-521 0-028 0-0194 
50 0-1602 0:562 0-032 0:0198 
60 0-1379 0-595 0-036 0-0201 
80 0°1087 0-645 0-041 0:0208 
100 0-0901 0-680 0-046 0-0214 


t 10-74 cm?/atom x 0-02620 = cm?/g. 
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TABLE 7. MAGNESIUM 


Scattering 


Photo- 
cross-section 


electric 

Energy |———7"|_ cross- 
of with without | section at 

quanta, | coherent | coherent |K,ZandM) at nuclei 


Pair production Absorption 
cross-section. coefficient t 


with without 
coherent | coherent 


at 
electrons 


MeV _|scattering| scattering} levels scattering | scattering . 
10-24 cm?/atom cm?/g 
0-01 25 7°68 847 | 21°6 21-2 
0-015 17 7°55 - 246 6°51 6°28 
0-02 13 7°42 99-7 2°79 2°65 
0-03 10-2 7°16 27:2 0-926 0°851 
0:04 8-7 6°94 10°6 0-478 0-434 
0-05 _ 7:9 6°73 5-1 0-322 0-293 
0-06 7:4 6°55 2°8 0:253 0-232 
0-08 6°66 6°20 1-11 0-192 0-181 
0-10 6:24 5°91 0°53 0-168 0-160 
0-15 5:48 5°32 0-14 0-139 0°135 
0:20 4:97 4-88 0-060 0-125 0-122 
0:30 4:28 — 4:24 0-020 0-107 0-106 
0-40 3°82 3-80 0-010 0-0949 0-0944 
— 0°50 3°48 3°47 0-0862 0:0860 
0:60 3°21 0:0795 
0-80 2°82 0:0699 
1-0 2°53 0:0627 
1°5. 2°06 0-0064 0:0512 
2:0 1°757 0-026 0-0442 
3-0 1-381 0-073 0-0001 0-0360 
4:0 1-152 0-119 0-0006 0:0315 
5-0 0-994. 0-159 0-001 0-0286 
6:0 0°878 0-194 0-002 0-0266 
8:0 0-719 0-251 0-005 0-0242 
10 0-612 0°300 0-007 0:0228 
15 . 0-453 0-393 0-013 0:0213 
20 0°363 0-459 0-018 0-0208 
30 0-264 0-553 0-025 0-0209 
40 0-210 0-619 0-031 0-0213 
50 0:-1747 0-667 0-035 0:0217 
60 0:1505 0-707 0-039 0-0222 
80 0-1185 0:765 0-045 0-0230 
100 0-0983 0-807 0-050 0-0237 


t 10°-*4 cm?/atom x 0:02477 = cm?/g. 


PGQ 7 
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TABLE 8. ALUMINIUM 


Scattering Photo- Pair production - Absorption 
cross-section electric cross-section coefficient ¢ 
Energy |————]—__ cross- 
of with without | section at Pe with without 


coherent 
scattering 


coherent 
scattering 


quanta, | coherent | coherent |K, Land M| at nuclei 


MeV _{scattering| scattering} levels electrons 


10-*4 cm?/atom 


0:01 29 8°32 1170 26°8 26°3 
0015 | 19 8-18 343 8-08 7°84 
0:02 15 8-03 141 3°48 3°33 
0:03 11°5 7°76 39:0 1-13 1-04 
0:04 9:8 7°51 15-2 0:558 0:507 
0:05 8-8 7-29 7:3 0-360 0-326 
0-06 8-1 7°10 4:0 0-270 0-248 
0-08 7:26 6°72 1-61 0-198 0-186 
0-10 6°79 6-41 0:78 0:169 0-161 
0-15 5°96 5°77 0-21 0-138 | 0-134 
0-20 5°39 5°29 0-080 — 0-122 0-120 
0:30 4-64 4-60 0-020 0-104 0-103 
0:40 4:14 4-12 0-010 0-0927 0-0922 
- 0°50 3°78 3°76 0-0844 | 0-0840 
0-60 3°49 3°48 0:0779 0:0777 
0-80 3-06 0-0683 
1:0 2°75 0:0614 
1:5 2°23 0-0076 0-0500 
2:0 1-903 0-030 0-0432 
3-0 1-496 0-086 0-0002 0-0353 
4:0 1-247 0-140 0-0006 0-0310 
5:0 1-077 0-186 0-001 0-0282 
6:0 0-952 0-227 0:002 0:0264 
80 0-778 0-295 0-005 0-0241 
10 0:663 0°353 0-008 0-0229 
15 0-490 0-460 | 0-014 0-0215 
20 0-393 0-539 0-019 0:0212 
30 0-286 0-647 0-027 0-0214 
40 0:227 0°726 0-033 0-0220 
50 0-1893 0-782 0-038 0-0225 
60 0-1630 0-828 0-042 0-0231 
80 0-1284 0-896 0-049 0-0240 


100 0-1065 0-944 0-055 0:0247 


+ 10-24 cm?/atom x 0:0223 = cm?/g. 
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TABLE 9. SILICON 


Absorption 
coefficient + 


Pair production 
cross-section 


Photo- 
electric 


Scattering 
cross-section 


Energy , Cross- 
of with without | section at with without 
quanta, | coherent | coherent 1K, Land M| at nuclei |. at coherent | coherent 
MeV _|{scattering| cattering levels electrons scattering | scattering 
10-*4 cm?/atom cm?/g 
0-01 33 8-96 1580 34-6 34-1 
0-015 22 8-81 470 10-6 10-3 
0-02 17 8-65 194 4-53 4°35 
0-03 12°8 8°36 54-4 1-44 1:35 
0:04 10°8 8:09 21:4 0:691 0-633 
0-05 9-7 7:85 10:3 0-429 0°389 
0-06 8-9 7°64 5:8 0-315 0-288 
0:08 8-0 7:24 2:3 0:221 0-205 
0-10 7:38 6:90 1-11 0-182 0-172 
0-15 6:44 6-21 0-29 0-144 0-139 
0-20 5°82 5°69 0-12 0-127 0-125 
0-30 5:01 4-95 0-040 0-108 0-107 
0-40 4:46 4-43 0-020 0:0961 0:0954 
0:50 4:07 4-05 0-0873 0:0869 
0-60 | 3-75 3-74 0-0804 0:0802 
0-80. 3°30 3-29 0:0708 0:0706 
1:0 2:96 0:0635 
1:5 2:40 0:0088 0:0517 
2:0 2:05 0-035 0:0447 
3-0 1-611 0-100 0:0002 0:0367 
4:0 1-343 0-162 0-0007 0:0323 
5:0 1-160 0:216 0-002 0:0296 
6:0 1-025 0:264 0-003 0:0277 
8-0 0-838 0-342 0-006 0:0254 
10 0-714 0-408 0-009 0:0243 
15 0:528 0-533 0-015 | 60-0231 
20 0-423 _ 0-623 0-021 0:0229 
30 0-308. 0-749 0-029 0:0233 
40 0:244 0-838 0-036 0:0240 
50 0-204 0-904 0-041 0:0246 
60 0:1756 0-957 0-046 0:0253 
80 0°1383 |. 1-03 0-053 _ 0:0262 


100 0:1147 1-09 0-059 0-0271 


t 10-74 cm?/atom x 0-02145 = cm?/g. 


7* 
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TABLE 10. PHOSPHORUS 


Scattering 
cross-section 


Photo- Pair production Absorption 
electric cross-section coefficient f 


Energy cross- 
of with section at t with without 
quanta, | coherent | coherent |K Land M| at nuclei a coherent | coherent 
? electrons : : 
scattering | scattering 


MeV | scattering|scattering| levels 


10-*4 cm?/atom cm?/g 
0-01 38 9-60 2090 41-4 40-8 
0-015 25 9-44 619 12:5 12:2 
0-02 19 9-27 259 5-41 5:22 
0-03 14-3 8:96 74-3 “1°72 . 1-62 
0-04 12:0 8-67 28-8 0-794 0-729 
0-05 10°6 8°42 — 13-8 0-475 0-432 
0:06 9:7 8-19 78 0-340 0-311 
0:08 8°6 7°16 3°1 0-228 0-211 
0-10 7:98 7°39 1-55 0-185 0-174 
0-15 6:93 6°65 0-40 0-143 0-137 
0-20 6°26 6°10 0-17 , 0-125 0-122 
0-30 5-37 5-30 0-05 0-105 0-104 
0:40 4-79 4°75 0-02 0-0936 0-0928 
0-50 4-36 4-34 0-01 |. 0-0850 | 0-0846 
0-60 4-02 4-01 0-0782 | 0-0780 
0:80 3-53 3-52 0-0687 | 0-0685 
1-0 3°17 } 0-0617 
1-5 | 2°57 0-010 0-0502 
2:0 2°20 0-040 0-0436 
3-0 1-726 0-114 0-0002 0-0358 
4-0 1-439 0-186 0-0007 0-0316 
5-0 1-243 0-248 0-002 0-0290 
6:0 1-098 0-302 0-003 0-0273 
8-0 0-898 0-393 0-006 0-0252 
10 0-765 0-469 0-009 0-0242 
15 0-566 0-610 0-016 0-0232 
20 0-454 0-714 0-022 0-0231 
30 0-330 0°858 0-031 | 0:0237 
40 0-262 0-961 0:038 | 0-0245 
50 0-218 1-03 0-044 0-0251 
60 0-1881 1-10 0-049 0-0260 
80 0-1482 1-19 0-056 0-0271 
100 0-1229 1-25 0-063 0-0279 


+ 10-24 cm?/atom x 0-01945 = cm?/g. 
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TABLE 11. SULPHUR 


Scattering 
cross-section 


Pair production Absorption 
cross-section coefficient f 


Photo- 
electric 


Cross- 
as without | section at ae with without 
quanta, Sie ank coherent coherent 
MeV scattering | scattering | 
10-24 cm?/atom 
0-01 44 10-24 } 2700 51°6 50°9 
0-015 29 10-06 820 16:0 15°6 
0°02 22 9°89 344 6°88 6°65 
0-03 15-9 9-55 98-7 2°15 2:03 
0-04 13-2 9-25 38°5 0-971 0-897 
0-05 11°6 8-98 18-6 0°567 0-518 
0-06 10-7 8°74 10-6 0-400 0-363 
0:08 9-3 8°27 4:2 0-254 0-234 
0-10 8-6 7°89 2°] 0-201 0-188 
0-15 7°43 _ 710 0-57 0-150 0-144 
0-20 6°69 6°51] 0-23 0-130 0-127 
0-30 5:74 5°66 0-070 0-109 0-108 
0-40 5:12 5-07 0-030 0-0968 0-:0958 
0-50 4-66 4-63 0-020 0-0879 0:0874 
0-60 4-30 4-28 0-010 0-0810 0:0806 
0-80 3°77 3-76 0-0708 0-0707 
1-0 3-39 3-38 0:0637 0-:0635 
1:5 2°75 0-012 0°0519 
2:0 2°34 0-046 0:0448 
3-0 1-842 0-13 0-0002 0-037] 
4°0 1-535 0-21 0-0008 0-:0328 
5:0 1°325 0-28 0-002 0-:0302 
6:0 1-171 0-34 0-003 0:0284 
8-0 0-958 0-45 0-006 0-0266 
10 0-816 0-53 0-010 0-:0255 
15 0-604 0-69 0-017 0:0246 
20 0-484. 0-81 0-023 0-0247 
30 0-352 0:98 0-033 0:0256 
40 0-279 1-09 0-041 00265 
50 0-233 1:18 0-047 0:0274 
60 0-201 1:24 0-052 0-:0281 
80 0-1580 1-34 0-060 0-0293 
100 0-1311 1°42 0-067 0-0304 


+ 10-74 cm?/atom x 0:01879 = cm?/g. 
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TABLE 12. ARGON 


Scattering 
cross- section 


Photo- 
‘electric 
Cross- 
without | section at 
coherent | coherent |K,Land M| at nuclei 
scattering | scattering} levels 


Pair production Absorption 
cross-section coefficient + 


Energy 
of 
quanta, 
MeV 


with without 
coherent | coherent 
scattering | scattering 


at 
electrons 


10-74 cm?/atom cm?/g 
0-01 56 11-52 4280 65:4 64-7 
0-015 36 11-32 1320 20-5 20-1 
0-02 28 11-12 561 8°88 8-63 
0-03 19 10-75 164 2°76 2°64 
0-04 15°8 10-40 64-5 1-21 1-13 
0-05 13-6 10-10 31-6 0-682 0-629 
0-06 12-4 9-83 18-0 0-459 0-420 
0-08 10-8 9-31 7:2 0-271 0-249 
0-10 9-85 8-87 3-6 0-203 0-188 
0-15 8-43 7:98 0-98 0-142 0-135 
0-20 7:57 7°32 0-41 0-120 0-117 
0:30 6:48 6°36 0-12 0-0995 0:0977 
0-40 5-76 5-70 0-050. 0-0876 0-0867 
0-50 5-24 5:21 0-030. 0:0795 | 0-0790 
0-60 4-84 4-82 0-020 0-0733 0-0730 
0-80 4:24 4-23 0:0640 | 0-0638 
1-0 3-81 3-80 0:0575 | 0-0573 
1-5 3-09 0-015 0-0468 
2:0 2°64 0-058 0-0407 
3-0 2:07 0-17 0-0002 0-0338 
4:0 1-727 0-27 0-0009 0-0301 
5:0 1-491 0-36 0-002 0-0279 
6°0 1-318 0:44 0-003 0-0266 
8-0 1-078 0°56 0-007 0-0248 
10 0-918 0-67 0-011 0-0241 
15 0-679 0-87 0-019 0-0237 
20 0-544 ' 1-02 0-026 0-0240 
30 0-396 1-23 0-037 0-0251 
40 0-314 1:37 0-046 0:0261 
50 0-262 1-48 0-053 0-0271 
60 0-226 1-57 0-059 0-0280 
80 0-1778 1-69 0-068 0-0292 
100 0-1475 1-78 0-076 0-0302 


+ 10-*4 cm?/atom x 0-01508 = cm?/g. 
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TABLE 13. POTASSIUM 


Scattering Photo- Pair production Absorption 
cross-section electric cross-section coefficient f 
Energy cross- 
of with without | section at : with without 
quanta, | coherent | coherent |K,Land M| at nuclei coherent | coherent 
MeV | scattering | scattering! levels eserens scattering | scattering 
10-24 cm?/atom cm?/g 
0-01 63 12°16 5260 82-0 81:2 
0-015 40 11-95 1650 26:0 25-6 


+ 10-24 cm?/atom x 0-:01541 = cm?/g. 
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TABLE 14. CALCIUM 


Scattering Photo- Pair production Absorption 
cross-section electric cross-section coefficient f 
Energy cross- 7 
of without | section at with without 
quanta, | coherent | coherent |K,Land M} at nuclei \ a coherent | coherent 
MeV_ | scattering | scattering! levels electrons scattering | scattering 


10-24 cm?/atom cm?/g 
0-01 69 12°80 6380 96-9 96:1 
0-015 44 12°58 2010 30-9 30:4 
0-02 33 12-36 859 13-4 13-1 
0-03 23 11-94 254 4-16 4-00 
0-04 18-5 11°56 102 1-81 1-71 
0-05 15°8 11-22 50°6 0-998 0-929 
0-06 14:3 10-92 28°8 0-648 0°597 
0-08 12:3 10°34 11-6 0-359 0-330 
0-10 11:1 9°86 6:0 0-257 0-238 
0-15 9-48 8°87 1-63 0-167 0-158 
0-20 8°47 8:13 0-67 | 0-137 0-132, 
0-30 7:23 7:07 0-20 0-112 0-109 
0-40 6°42 6°33 0-090 0-0979 0-0965 
0-50 5°84 5°78 0-050 0-0885 0-0876 
0-60 5:38 5°35 0-030 0-0813 0-0809 
0-80 4-72 4-70 0-010 0:0711 0-0708 
1:0 4-24 4-22 0-0637 0-0634 
1-5 3°43 0-018 0-0518 
2:0 2°93 0-072 0-0451 
3-0 2°30 0-20 0-0002 0-0376 
4-0 1°919 0°33 ~ 0-0009 0-0338 
5:0 1-657 0-44 0-002 0-0316 
6:0 1-464 0°54 0-004 0-0302 
8-0 1-198 0-69 0-008 0-0285 
10 1-020 0-33 0-012 0-0280 
15 0-755 1:08 0-022 0:0279 
20 0-605 1°26 0-029 0-0285 
30 0-440 |. 1°51 0-042 0-0299 
40 0-349 1-69 0-051 0-0314 
50 0-291 1-82 0-059 0-0326 
60 0-251 1-93 0-065 0-0338 
80 0-198 2:08 0-075 0-0354 


100 0-1639 2°19 0-084 0-0366 


+ 10-24 cm?/atom x 0:01503 = cm2/s. 
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TABLE 15. IRON 


Scattering 
cross-section 


Photo- Pair production Absorption 
electric cross-section coefficient T 


Energy cross- 
of with without | section at | with without 
quanta, | coherent | coherent |K,ZandM| at nuclei ee coherent | coherent 
scattering | scattering 


MeV scattering | scattering | levels 


10-*4 cm?/atom cm?/g 
0-01 120 16°64 16500 179 178 
0-015 75 16°35 5380 58°8 58:2 
0-02 55 16-07 2380 26°3 25:8 
0-03 37 15°52 729 8:26 8-03 
0:04 29 15-03 308 3°64 3-48 
0-05 24 14-59 155 1-93 1-83 
0-06 20°7 14-20 91 1:20 1°13 
0-08 17-2 13-44 38 0-595 0°555 
0-10 15°4 12°82 19-1 0-372 0-344 
0°15 12°8 11-53 5°4 0-196 0-183 
0-20 11-3 10°57 2:23 0:146 0-138 
0-30 9-50 9-19 0-66 0-110 0-106 
0-40 8-42 8-23 0-29 0-0940 0-0919 
0-50 7:63 7°52 0-16 0-0840 0-0828 
0-60 7-03 6°96 0-10 0:0769 | 00-0762 
0°80 6:15 6-11 0:05 0:0669 0-0664 
1:0 5°52 5°49 | 0-03 0-0599 0:0595 
1-5 4-46 0-032 0-0485 
2:0 3°81 0-12 0-0424 
3-0 2°99 0°35 0-0003 0-0360 
4-0 2°50. 0°56 0-001 0-0330 
5:0 2°15 0°75 0:003 0-0313 
6:0 1-903 0:91 0-005 0-0304 
8-0 1°557 1-17 0-011 0-0295 
10 1-326 1-39 0-016 0-0294 
15 0-981 . 1°81 0-028 0-0304 
20 0°786 2°10 0-038 0-0315 
30 — 0572 2°52 0-054 0:0339 
40 0-454 2°81 0-067 0-0359 
50 0°379 3-03 0-076 0-0376 
60 0-326 3-21 0-085. 0-0391 
80 0-257 3°46 0-098 0-0412 
100 0-213 3-64 0-11 0°0427 


ft 10-*4 cm?/atom x 0-01079 = cm?/g. 


PGQ Ta 
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TABLE 16. COPPER 


Scattering Photo- Pair production | Absorption 
cross-section electric cross-section coefficient f 
Energy Cross- 
of with without | section at with without 
quanta, | coherent | coherent |K,Zand M| at nuclei ee coherent | coherent 


MeV_ | Scattering | scattering! levels 


scattering | scattering 


10-24 cm?/atom cm?/g 
0-01 150 18°56. 23600 225 224 
0-015 96 18-24 8000 76°8 76:0 
0-02 70 | 17°92 3580 34-6 34-1 
0:03 46 17°31 1120 11-1 10°8 
0:04 | 35 16°76 474 4-83 4°65 
0-05 28 16°27 242 2°56 2°45 
0-06 24 15-83 143 1°58 1°51 
0-08 20-2 14:99 60-2 0-762 0-713 
0-10 17:9 14°29 30-7 0-461 0-427 
0:15 14°5 12°86 8-9 0-222 0-206 
0-20 12:8 11°79 3°7 0-156 0-147 
0-30 10-7 10°25 1-1 0°112 0-108 
0:40 9-43 9-18 0-48 0-0940 0:0916 
0-50 8°54 8°39 0-26 0:0834 0-0820 
0:60 7°86 7°76 0-16 0-0760 0-0751 
0-80 6°87 6°82 0:08 0-0659 0:0654 
1-0. 6:16 6°12 0-05 0:0589 0-0585 
1°5 4:98 0-041 0:0476 
2:0 4-25 0-16 0:0418 
3-0 3°34 | 0-43 0-0004 0-0357 
4:0 2°78 0-70 0-001 0-:0330 
5:0 2°40 0:93 0-003 0-0316 
6:0 2°123 | 1:13 0-006 0-0309 
8-0 1°736 1°45 0-012 0-0303 
10 1-479 1-72 0-018 0-0305 
15 1-094 | 2°23 0-031 0-0318 
20 0:877 2:60 0-043 0:0334 
30 0:638 3-12 0-060 0:0362 
40 0-506 3°48 0-074 0:0385 
50 0-422 3°75 0-085 0:0404 
60 0-364 3°97 0-094 0-0420 
80 0-286 4-27 0-11 0-0442 
100 0:238 4-49 0-12 0-0460 


1 10-*4 cm?/atom x 0-009482 = cm2/g. 


Energy 
of 
quanta, 
MeV 


RADIATION ABSORPTION COEFFICIENTS 


Scattering 


cross-section 


with 
coherent 


scattering | scattering 


| without 


coherent 


10-*4 cm?/atom 


26:9 


26-4 


26:0 
26:0 
25-1 
24-3 
23°6 
22°9 
21-7 
20-7 
18-63 
17-08 
14-85 
13-30 
12-15 
11-24 
9-87 
8-37 
7-21 
6°15 
4-83 
4-03 
3°48 
3°08 
2:52 
2°14 
1-585 
1-270 
0-924 
0-733 
0-612 
0:527 
0-415 
0°344 


TABLE 17. MOLYBDENUM 


Photo- 
electric 
Cross- 
section at 
K, Land M 
levels 


11400 
3480 
1510 

13000 


t 10-74 cm?/atom x 0:006279 = cm?/g. 
+ K level. 


TaX 


Pair production 
cross-section 


at 
nuclei 


0-095 
0°35 
0-93 
1-49 
1-96 
2°36 
3-00 
3°53 
4-58 
3°32 
6°39 
7-11 
7°65 
8-08 
8-69 
9-15 


at 
electrons 


191 


Absorption 
coefficient t 


with 
coherent 


without 
coherent 


scattering | scattering 


cm?/g 
73-7 71:8 
23°2 22:0 
10:5 9-64 
82°6 81:8 
27°4 26°9 
12:5 12:2 
6°82 6°62 
4:18 4-04 
1-95 1-86 
1-09 1-03: 
0-418 0°389 
0-242 0-225 
0-138 0-130 
0-104 0-0998 
0:0879 0:0851 
0:0777 0-0761 
0:0656 0-0648 
0-0581 0:0575 
0-0470 0:0467 
0:0414 
0:0365 
0:0349 
0:0344 
0:0344 
0:0349 
0:0359 
0-:0390 
0-0418 
0-0465 
0:0499 
0:0526 
0:0549 
0:0582 
0:0607 
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TABLE 18. TIN 


Photo- Pair production Absorption 
electric cross-section coefficient } 


Scattering 
cross-section 


Energy Cross- 
of with | without | section at rv a see without 
coherent | coherent | K, Land M . coherent | coherent 
ere levels nuclei jelectrons) «tering | scattering 
10-*4 cm?/atom cm?/g 
0-01 510 32-0. 24000 124 122 
0-015. 340 31-4 7410 39°3 37:8 
0-02 240 30-9 3220 - 17:6 16:5 
0:02925+ | 150 30-0 1050 6:09 5°48 
002925 150 30-0 8580 44-3 43-7 
0-03 140 29-8 8150 42-1 | 41-5 
0-04 100 28-9 | 3700 19-3 18-9 
0°05 79 28:0 1990 10:5 10-2 
0°06 65 27°3 1210 6°47 6°28 
0-08 49 25°8 539 2-98 2°87 
0-10 40 24:6 286 1-65 1-58 
0-15 29°6 22:2 88°8 0-601 0:563 
0-20 24°6 20°3 39°3 0-324 0-303 
0-30 19-7 17°68 12:4 0:163 0°153 
0-40 17-0 15°84 56 0-115 0-109 
0-50 15-2 14°46 3-0 0-0924 0:0886 
0-60 13°8 13-38 1:9 0:0797 0:0776 
0-80 12:0 11-75 1:0 0:0660 0-0647 
1:0 10-7 10°56 0:64 0-0576 0-0568 
1:5 8°65 8-58 0:32 0-14 0:0462 0:0459 
2:0 7:36 7°32 0:20 0:51 0:0410 0:0408 
3-0 5-76 0-12 1:35 0:0006 0:0367 
4-0 4:80 0:08 2:12 | 0-002 0:0355 
5:0 | 4-14 0:06 2°78 0-006 0-0355 
6:0 3°66 0:05 3-33 0-01 0:0358 
8-0 2:99 0-04 4:20 | 0-02 0:0368 
10 2°55 0-03 4:94 | 0:03 0:0383 
15 1°886 0:02 6°39 0-05 0:0424 
20 1:512 0-015 7-40 | 0-07 0:0457 
30 1-100 8-91 0-10 00513 
40 0-873 9-89 0°13 0:0553 
50 0-728 10-6 O15 |. 0-0583 
60 0-627 11-2 0-16 0:0609 
80. 0-494 12:1 0:19 0:0649 
100 0:410 12:7 0:21 ~ 0:0676 


ft 10°*4 cm?/atom x 0-005076 = cm?/g. 
+ K level. 
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TABLE 19. IODINE 


Pair production Absorption 
cross-section coefficient t 


Scattering 
cross-secticn 


Photo- 
lectric 


of a with without 
uanta, : coherent | coherent 
a MeV nuclei | electrons scattering | scattering 
10-24 cm?/atom cm?/g 
0-01 590 33-9 29800 144 142 
0-015 380 33-3 9360 46-2 44-6 
0:02 270 32°8 4130 20:9 19-8 
0-03 160 31:6 1260 6°74 6°13 
0:03323+ 150 31:3 933 5-14 4°58 
0:03323 150 31:3 7510 36°4 35°8 
0:04 120 30°6 4490 21:9 21°5 
0-05 89 29-7 2470 12:1 11-9 
0:06 — 492 28:9 1500 7:46 7-26 
0:08 54 27°4 677 3°47 3-34 
0:10 44 26:1 360 1-92 1-83 
0°15 32 23°5 113 0-688 0-648 
0:20 26:5 21°5 50 0-363 0-339 
0:30 21-0 18-74 16:0 0:176 0-165 
0-40 18-1 16-78 72 0°120 0-114 
0°50 16-2 15-33 3-9 0:0954 0:0913 
0-60 14:8 14-18 2:5 0:0821 0:0792 
0-80 12:8 12:46 1:3 0:0669 0:0653 
1-0 11-4 11-19 0:84 0:0581 0-0571 
1-5 9-18 9-10 0°41 0°17 0:0463 0:0460 
2:0 7°81 7°76 0:26 0-59 0:0411 0:0409 
3-0 6:10 0°16 1-53 0-0006 0-0370 
4-0 5-09 0-11 2:39 0-003 0-0360 
5:0 4-39 0:08 3°12 0-006 0-0361 
6:0 3-88 0:07 3-72 0-01 0:0365 
8-0 3-17 0-05 4-70 0:02 0:0377 
10 2:70 0:04 5°52 0:03 0-0394 
15 2:00 0:03 7-12 0:06 0-0437 
20 1-603 0:02 8-26 0-08 0:0473 
30 1-165 9-92 0-11 0:0532 
40 0-925 11-0 0:14 0:0573 
50 0:772 11-9 0:16 0:0609 
60 0:665 12-5 0-17 0:0633 
80 0:524 13-5 0-20 0:0675 
100 0-434 14-1 0:22 0:0700 


Tt 10-*4 cm?/atom x 0-004747 = cm?/g. 
+ K level. 
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TABLE 20. TUNGSTEN 


Scattering Photo- Pair production Absorption 
cross-section electric cross-section coefficient f 
Energy | Cross- 
of with | without | section at as i with without 
coherent | coherent : e herent 
quanta, K,LandM nuclei | electrons coherent |-e0 


MeV scattering|scattering 


levels scattering | scattering 


10-24 cm?/atom cm?/g 
0-01 1300 | 47-4 | 17700 622 58:1 
0-0102277 | 1200 47°3 16800 59-0 55-2 
0-01212+ 1000 46:9 64700 215 212 
0-015 840 46°5 36000 121 118 
0:02 590 45-7 16000 54°3 52°6 
0-03 350 44-2 5040 17:7 16:7 
0:04 240 42°8 2220 8-06 7°41 
0-05 180 41°5 1160 4:39 3-94 
0-06 145 40-4 674 2°68 2°34 
0-069644+ 122 39-4 437 1-83 1-56 
0-06964 122 39-4 3230 | 11:0 10-7 
0:08 104 38-3 2250 7°71 7-49 
0:10 80 36:5 1250 4-36 4-21 
0:15 54 | 32:8 408 1:51 1-44 
0-20 42 30-1 186 0-747 0-708 
0-30 31:5 26:2 63-1 0-310 0-293 
0-40 26:5 23°4 29°8 0-184 0-174 
0-50 23°4 21:4 16°7 0-131 0-125 
0-60 21:2 19-80 . 11-0 0-105 0-101 
0-80 18:2 17-39 5:9 0:0789 0-0763 
1-0 16:1 15-63 3°9 0:0655 0:0640 
1-5 129 12-70 1°9 0-41 0:0498 0-:0492 
2:0 10-9 10-83 1:2 1:32 0-0440 0:0437 
3°0 8°57 8:52 0-71 3°13 0-0009 0:0407 0-0405 
4-0 7:10 0:50! 4-68 0-004 0-0402 
5-0 6°13 0:38] 5:96 0:008 0:0409 
6:0 5°42 0-31 7-02 0-01 0-0418 
8-0 4-43 0-23 8°68 0:03 0-0438 
10 3-77 0-18] 10-2 0:04 0:0465 
15 2°79 O-11{ 13-1 0-08 0:0527 
20 2°24 0:08} 15-2 0-11 0:0578 
30 1°627 0:06; 18:3 0-15 } 0-0660 
40 1-292 0:04; 20:3 0-19 0-0715 
50 1-077 21°8 0-22 0:0757 
60 0-928 23-1 0:24 | 0:0795 
80 0-731 24:8 0-28 ! 0-0845 


100 0-606 26°14 0-31 =| 0-0885 


7 10-*4 cm?/atom x 0-003276 = cm?/g. 
Tt L, level. 

+ L, level. 
++ K level. 
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TABLE 21. PLATINUM 


Scattering 
cross-section 


Photo- 
electric 
Energy Cross- 

of with without | section at 
quanta, | Coherent|coherent| K,LandM 


Pair production Absorption 
cross-section coefficient t 


with without 
coherent | coherent 


at 
nuclei jelectrons 


~ MeV scattering|scattering} levels scattering | scattering 
10-24 cm?/atom cm?/g 

0-01 1400 49:9 22000 72:2 68-0 
0-01158+7 | 1200 49-6 14800 49-4 45°8 
0:01391+ | 1000 49-2 53900 169 166 
0-015 940 49-1 43800 138 135 
0-02 670 48-2 19700 62:9 60°9 
0:03 400 46°6 6240 20°5 19-4 
0-04 280 45:1 2720 | 9-26 8:53 
0-05 210 43°8 1440 5-09 4-58 
0:06 163 42°6 836 3-08 2°71 
0°07858++| 117 40°6 380 1°53 1-30 
0:07858 117 40-6 2860 9-19 8°95 
0-08 115 40:3 2750 8-84 8-61 
0-10 88 38°4 1500 4-90 4-75 
0-15 39 34-6 498 1-72 1-64 
0°20 45 31-7 226 0-836 0-795 


+ 10-24 cm?/atom x 0-003086 = cm?/g. 
TT Lz level. 


+ L, level. 
++ K level. 
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TABLE 22. THALLIUM 


Scattering Photo- Pair production Absorption 
cross-section electric cross-section coefficient 


Energy |.) |  C©OSS- 


ie herent | coherent ee a at herent seieen 
ta,  |coherent | coherent | K,Lan : coherent | coheren 
MeV levels mueiel deleceeons scattering | scattering 
10-24 cm?/atom cm?/g 
0-01 1500 514°8 26000 81:1 76°8 
0-0126877 | 1200 51°3 13400 43-0 39-7 
0-01537+ 990 50-7 47200 142 139 
0-02 730 50-1 22700 69-1 67*1 
0-03 430 48-4 7220 22°6 21°4 
0:04 300 46°8 3200 10:3 9-57 
0:05 220 45-4 1660 5°54 5-03 
0:06 180 44-2 976 3°41 3-01 
0-08 124 41-9 420 1-60 1:36 
0-08584++ {| 114 41-3 341 1°34 1-13 
0:-08584 114 41:3 2577 7:93 7°72 
0-10 95 39°9 1710 5:32 5°16 
0:15 63 35°9 576 1°88 1-80 
0-20 48 32:9 261 0-911 0-866 
0-30 35°5 28-6 88-9 0°367 0-346 
0:40 29°6 25°6 43-6 0-216 0-204 
0-50 26:0 23°4 25:0 0-150 0-143 
0-60 23°4 21:7 16°4 0-117 0-112 
0-80 20:0 19-04 8-9 0-0852 0:0824 
1-0 17°8 17:11 5-8 0:0696 0:0675 
1°5 14-2 13:90 2°8 0°53 0:0517 0:0508 
2:0 12:0 11°86 1°8 1°67 0-0456 0:0452 
3-0 9-40 9-32 1-1 3°83 0-001 0:0422 0-0420 
4:0 7°81 T77 0-72 5°62 0-004 0:0417 0:0416 
5-0 6-71 0°56 7:08 0-009 0:0423 
6:0 5-93 0-45 8:29 0:02 0-0433 
8-0 4°85 0°32 10-2 0:03 0:0454 
10 4°13 0:25 12-0 0-05 0:0484 
15 3-06 0:17 15-4 0:09 0-0552 
20 2°45 0-12 17-9 0:12 0:0607 
30 1-781 0-09 21-5 0-17 0:0694 
40 1-414 0-07 23:9 0-21 0:0754 
50 1-179 0-05 25:7 0-24 0-0801 
60 1-016 27:1 0-26 0:0837 
80 0-800 29-2 0°31 0-0894 
100 0:664 30-6 0-34 0-0932 


Tt 10-24 cm?/atom x 0-002948 = cm?/g. 
Tt L£, level. 

+ LL, level. 
++ K level. 


Energy 
of 
quanta, 
MeV 


0-01 
0-01307 tT 
0-01589+ 
0:02 

0-03 

0:04 

0-05 

0-06 

0-08 
0-08823 ++ 
0-08823 
0-10 

0-15 

0-20 

0-30 
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TABLE 23. LEAD 


Scattering Photo- Pair production 
cross-section electric cross-section 
cross- 
with without | section at 
coherent | coherent |K, Land M 
scattering|scattering} levels 


at at 
nuclei | electrons 


10-24 cm?/atom 


1600 52°5 27500 
1200 51:8 13200 
980 51°3 45400 
750 50°7 24000 
450 49-0 7620 
310 47-4 3310 
230 46:0 1740 
180 44-8 1040 
127 42°4 444 
113 41-6 334 
113 41-6 2510 
100 40-4 1780 


64 36:4 596 

49 33°3 275 

36°2 | 29-0 93-4 

30:1 26:0 45-7 

26°3 23°7 26°1 

23°8 21-9 17°3 

20:3 19°27 9°5 

18-0 17°32 6:2 

14-4 14-07 3-0 0-55 

12-2 12:00 2:0 1-72 

9-51 9-44 1-1 3°93 0-001 
7:91 7°87 0-80 5°76 0-004 

6°79 0-60 7:25 0-009 
6°00 0-49 8°47 0:02 
4-9] 0°35 | 10:5 0:03 
4-18 0:28 | 12-3 0-05 
3°09 0-18 | 15-7 0-09 
2°48 0-13 | 18:3 0°12 
1-803 0:09 | 21-9 0-17 
1-432 0:07 | 24-4 0-21 
1-194 0:05 | 26-2 0°24 
1-028 27°7 0:27. 
0-810 29°8 0-31 
0:672 31:3 0-34 


t 10-74 cm?/atom x 0-002908 = cm2/g. 


tt L, level. 
+ I, level. 
++ K level. 
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Absorption 
coefficient f 


with 


coherent 
scattering | scattering 


without 
coherent 


om?/g 
84-6 80-1 
41-9 38-5 
135 132 
72:0 69-9 
23-5 22:3 
10:5 9°76 
5-73 5-19 
3-55 3-15 
1:66 1-41 
1:30 1-09 
7-63 7-42 
5:47 5-29 
1-92 1-84 
0-942 0-896 
0-377 0-356 
0-220 0-208 
0-152 0-145 
0-119 0-114 
00866 | 0-0836 
0-0704 |  0-0684 
0-0522 | 0-0512 
0-:0463 | 0-0457 
0-:0423 00421 
0-0421 | 0-0420 
0-0426 
0-0436 
0-0459 
0-0489 
0-0554 
0-0611 
0-0697 
0-0759 
0-0805 
0-0843 
0-0899 
0-0939 
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TABLE 24. URANIUM 


Scattering Photo- | Pair production Absorption 
cross-section electric cross-section coefficient f 
Energy Cross- 
of with without | section at without 
quanta, coherent | coherent |K,ZandM aieeE aes coherent | coherent 
MeV scattering |scattering| levels scattering | scattering 
10-24 cm?/atom cm?/g 
0-01 2100 58-9 44600 118 113 
0-015 1400 57-9 14500 40:2 36°8 
0-017207+ | 1200 57°4 10000 28°3 25:5 
0-02181+ 880 56°5 29400 76:6 74:6 
0-03 590 54°9 12000 31-9 30-5 
0-04 400 53-2 5250 14:3 13°4 
0:05 300 51:6 2780 7-79 7:17 
0-06 230 50-2 1640 4-73 4-28 
0-08 163 47°6 716 2:22 1-93 
0-10 123 45-3 374 1:26 1-06 
0-1163++ 103 43°8 239 | 0:865 0-716 
0-1163 103 43-8 1790 4-79 4°64. 
0-15 78 40-8 916 2°52 2°42, 
0-20 59 37°4 425 1-22 1:17 
0-30 42 32°5 146 0-476 0-452 
0-40 34°7 29-1 73-2 0-273 0-259 
0-50 30-2 26°6 43-1 0-185 0-176 
0:60 27:1 24:6 29:2 0-142 0-136 
0-80 23:0 21:6 16-0 0:0987 0-:0952 
1:0 20°3 19-43 10-5 0:0779 0:0757 
1:5 16:2 15-79 5:1 0:77 0:0559 0:0548 
2:0 13°7 13°47 3°3 2°35 0:0490 0:0484. 
3-0 10:7 10°59 1-9 5-09 0-001 0:0448 0-0445 
4-0 8:88 8°83 1°3 7°26 0-004 0:0441 0-0440 
5:0 7°62 1:0 9-00 0-01 0:0446 
6:0 6°74 0-81 | 10-4 0:02 00455 
8-0 5°51 0°59 | 12:8 0-04 00479 
10 4-69 0-46 | 15-0 0-06 0°0511 
15. 3°47 0-30 | 19-3 0-10 0-:0586 
20 2°78 0:22 | 22:4 0-13 0-0646 
30 2-023 0-15 | 26-8 0-19 0-:0738 
40 1-606 O-11 | 29-8 0:24 0-0804 
50 1°340 0:09 | 32-1 0:27 0-0855 
60 . 1°154 33-9 0-30 0:0895 
80 0-909 36°5 0-35 00956 
0-0998 


100 0-754 38°3 0°39 


tf 10-24 cm?/atom x 0-002531 = cm?/g. 
TT Ls level. 

+ L, level. 
++ K level. 
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Scattering 
cross-section 


0-01 12°8 

0-015 9-54 
0-02 8-19 
0:03 6°96 
0:04 6°34 
0-05 5°92 
0-06 3°70 
0:08 3°33 
0-10 3°05 
0-15 4-50 
0-20 4-10 
0-30 3°55 


TABLE 25. WATER 


Photo- 
electric 
Cross- 
section at. 
Kand L 
levels 


Pair production 
cross-section 


at 
nuclei 


10-74 cm?/molecule 


2°11 
1-716 
1-464 
1-151 
0-960 
0°828 
0-732 
0-599 
0:510 
0-377 
0-302 
0-220 
0-1746 
0:1456 
0-1254 
0°0988 
0-0820 


146 
39-6 
15-4 

4-09 
1°55 
0-73 
0°40 
0-15 
0-071 
0-020 | 
0-010 


+ 10-24 cm?/molecule x 0-03344 = cm?/g. 


0:0029 
0-011 
0-033 
0-055 
0-072 
0-089 
0-116 
0°138 
0-181 
0-213 
0°256 
0:287 
0°310 
0°327 
0°355 
0°376 


at 
electrons 


0-0001 
0-0004 
0-001 
0-002 
0-003 
0-006 
0-010 
0-014 
0-019 
0-024 
0-026 
0:029 


. 0°034 


0-038 
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Absorption 
coefficient f 


with 


without 


coherent | coherent 
scattering | scattering 


5°31 

1-64 

0-789 
0-370 
0-264 
0-222 
0:204 
0-183 
0-171 
0-151 
0°137 
0-119 


cm?*/g 


3°10 
1-53 
0-722 
0-336 
0-245 
0-212 
0-196 
0-178 
0:°167 
0-149 
0-136 
0-118 
0:106 
0:0966 
0-0896 
0-0786 
0-0706 
0:0575 
0:0493 
0:0396 
0:0339 
0:0301 
0:0275 
0-0240 
0:0219 
0-0190 
0:0177 
0-0166 
0:0162 
0-0161 
0-0161 
0-0163 
0:0166 
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TABLE 26. SODIUM IODIDE 


Absorption 
coefficient f 


Pair production 
cross-section 


Scattering 
cross-section 


Photo- 
electric 


Energy cross- 
of section at. with without 
quanta coherent | coherent - 
MeV scattering | scattering 
10-74 cm?/molecule cm?/g 
0-01 610 41:0 30400 125 122 
0-015 390 40:3 | 9530 39-9 38-5 
0-02 280 39-6 4200 18-0 17-0 
0-03 170 38-2 1280 5°83 5:30 
0:03323+ | 160 37:8 946 4:45 3°95 
0-03323 160 37°8 7520 30:9 30:4 
0-04 130 37:0 4500 18-6 18-2 
0-05 96 35-0 - 2470 10-3 10-1 
0-06 79 34:9 1500 6°35 6°17 
0:08 60 33-1 678 2:97 2°86 
0:10 50 31-5 360 1°65 1-57 
0-15 37 28-4 113 0-603 0-568 
0-20 31 26:0 50-0 0-326 | 0-305 
0-30 24-9 22°6 16-0 0-164 0-155 
0-40 21°6 20-3 72 0-116 0-111 
0-50 19-4 18-51 3-9 0-0936 0-0901 
0-60 17:7 17-12 2:5 0-0812 0-0789 
0-80 15-4 15-04 1-3 0:0671 }. 0:0657 
1-0 13-7 13-52 0:84 0-0584 0-0577 
1°5 11-1 10-98 0-41 0-18 0-0470 0-0465 
2:0 9-42 9-37 0-26 0°61 0:0414 0-0412 
3-0 7:37 0-16 1-59 | 0-0007 0-0367 
40 6°14 0-11 2:49 | 0-004 0-0351 
5-0 5:30 0-08 3*25 | 0-007 0-0347 
6-0 4-68 0-07 3-88 | 0-01 0-0347 
8-0 3°83 0-05 4-91 | 0-02 0-0354 
10 3-26 0-04 5°77 | 0:04 0:0366 
15 2°41 0-03 7°45 0-07 0-0400 
20 1-935 0:02 8-65 | 0-10 0-0430 
30 1-407 10-4 0-13 0-0480 
40 1-117 11-5 0-17 0-0514 
50 0:932 12°5, 0:19 0:0547 
60 0-803 13-1 0-21 0:0567 
80 0-632 14-1 0-24 0-0602 
100 0-525 14-8 0-27  0-0627 


+ 10-24 cm?/molecule x 0-004019 = cm?/g. 
+ K level. 
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TABLE 27. CALCIUM PHOSPHATE 


Scattering Photo- Pair production _ Absorption 
cross-section electric cross-section © coefficient f 
ENCLSY ils roses oe 
of with without | section at with without 


at at 
nuclei | electrons 


coherent } coherent 
scattering | scattering 


quanta, | coherent | coherent |K,LandM 
MeV | scattering | scattering| levels 


10-24 cm?/molecule cm?/g 
0-01 375 98-6 24500 48-3 47:8 
0-015 248 96:9 7580 7 15-2 14-9 
0-02 193 95-2 3220 | 6°63 6°44 
0-03 144 91-9 943 2-11 2°01 
0-04 121 89-0 376 0-965 0-903 
0-05 107 86-4 185 0-567 0°527 
0-06 99-2 84-1 105 0-397 0-367 
0-08 88-5 79-6 - 422 0-254 0-237 
0-10 81-7 75:9 21°7 0-201 0-190 
0-15 71:2 68-3 5°84 0-150 0-144 
0-20 64-2 62:6 © 2°41 0-129 0-126 
0-30 55:2 54-4 0-72 0-109 0-107 
0-40 49-2 48°8 0-32 0-0962 0-0954 
0-50 44-7 44-5 0-18 0-0872 0-0868 
0-60 41:3 41-2 0-11 0-0804 0-0802 
0-80 36°3 36-2 0-05 0-0706 0-0704 
1-0 32-6 32:5 0-03 0-0634 0-0632 
1-5 26:4 0-10 0-0515 
2:0 22:5 0-38 0-0444 
3-0 17°73 1-08 0-002 0-0346 
4-0 14-78 1-79 0-007 0-0322 
5:0 12°75 2°38 0:02 0-0294. 
6:0 11-27 2°91 0-03 0-0276 
8-0 9-22 3°75 0:06 _ 0-0253 
10 7°85 4-50 0-09 0-0242 
15 5°81 5°86 0:17 0-0230 
20 4-66 6°86 0-23 0-0228 
30 3-39 8°23 0-32 0-0232 
40 2°69 9-22 0-40 0-0239 
50 2°24 9-92 0-45 0-0245 
60 1-931 10-5 0-50 0-0251 
80 1°522 11-4 0°58 0-0262 
100 1-263 12:0 0-65 0-0276 


+ 10-74 cm?/molecule x 0-001942 = cm?/g. 
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TABLE 28. AIR 
(Composition by weight: 0-755 nitrogen, 0-232 oxygen, 0-013 argon) 


Absorption coefficients 


Absorption coefficients 


eat gs without aed with without 
ase coherent coherent Pe ‘i coherent coherent 
Me scattering scattering MeV scattering scattering 
om?/g cm?*/g 
0-01 5-09 4-89 1:0 0-0635 0-0635 
0-015 1°59 1-48 1°5 0:0517 
0-02 0-764 0-697 2°0 0-0445 
0-03 0-349 0-317 3-0 0-0357 
0-04 0-245 0-226 4:0 0-0307 
0-05 0-204 0-194 5-0 0-0274 
0-06 0-186 0-178 6:0 0-0250 
0-08 0-166 0-161 8:0 0-0220 
0-10 0-155 0-151 10 0-0202 
0-15 0-136 0-134 15 0-0178 
0-20 0-123 0-123 20 0-0166 
0-30 0-107 0-106 30 0-0158 
0°40 0-0954 0-0953 40 0-0156 
0:50 0-0868 0-0868 50 0-0157 
0-60 0-0804 0-0804. 60 0-0158 
0-80 0-0706 0-0706 80 0-0160 
100 0-:0164 


TABLE 29. CONCRETE 
(Density 2:35 g/cm*; composition: 0°56% hydrogen, 49:56°% oxygen, 31°35% silicon, 


4-56% aluminium, 8-26% calcium, 1:22% iron, 0°24% magnesium, 1-71% sodium, 
1-:92°%% potassium and 0-12°% sulphur) 


Energy of Rad Energy of te 
quanta : quanta a) 
MeV cm?2/g 


Coherent scattering is neglected. 
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DATA FOR THE CALCULATION OF THE PHOTO-ELECTRIC MASS ABSORPTION 
COEFFICIENT 


The absorption coefficients for FE > 10 keV are given in Tables 1 to 29. 
Formulae for the calculation of the photo-electric absorption coefficient, 
valid in particular for E < 10 keV up to the energy of the K-level, are given 
in [68]. At these energies 


According to [68] the mass coefficient of photo-electric absorption is 
a = CA — DA, 


Here A is the wavelength of the radiation, expressed in Angstréms. It is 
related to the energy of the quantum, expressed in keV, by the equation 
12-34 


A = ——. 


E 
The coefficients C and D are given for all the elements in Table 30. 


TABLE 30. VALUES OF THE CONSTANTS C AND D 


Z of element C | D 4 Ant A 

1 0-01289 4-662 x 10-6 0-9922 

2 0-05197 75°16 x 1076 0-4997 504:2 

3 0-1517 493-6 x 10-6 0-4322 

4 0-3689 2133 x 10-° 0-4434 

3 0-6006 0-006791 0-4621 64°3 

6 1-211 0-01830 0-5000 43°5 

7 2°034 0-03963 0-4997 31-1 

8 3-161 0-07739 0-5000 23°5 

9 4-404 0-1324 0-4736 
10 6°487 0-2353 0-4954 
11 8-503 0-3661 0°4783 
12 11°65 0-5876 0°4934 9-496 
13 14-69 0-8583 0-4820 7935 
14 19-19 1-286 0-4989 6°731 
15 23°93 1-768 0-4835 5°774 
16 29-49 2°938 0-4990 5-008 
17 34-34 3-314 0-4794 4-383 
18 38°80 4:174 0-4506 | 3°865 
19 49°47 3°903 0°-4859 3°431 
20 60-08 7:907 0-4990 3-064 
21 65-21 9-430 0-4656 2°751 
22 78-06 12°36 0-4592 2°491 
23 84-49 14-60 0-4514 2°263 
24 98-72 18°54 0-4614 2°065 
25 111-2 22°65 0°4551 1-891 
26 129-0 28°41 0°4656 1-739 
27 143-0 33-96 0-4580 1-604 


28 167°6 42°85 0-4770 1-483 
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Continued from page 203 


Z 
Z of element C D | | AetA 
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Continued from page 204 


Z 
Z of cent Cc D i ei ARTA 


81 4367 13028 0°3963 0:1440 

82 4537 13998 0°3957 0:1404 

83 4737 15098 0-3971 0:1367 

84 4980 16403 0-4565 

85 5180 17623 0-4009 

86 3117 17978 0-3873 

87 3458 19798 0-3901 

88 5685 21284 0-3911 

89 5889 22748 0°3886 

90 6083 24240 0°3877 0-1127 

91 6181 25404 0°3888 | 

92 6512 27240 0-3863 0°1065 
H,O 2°808 0-06873 0°5549 23°5 
Air 2°768 0-1017 0-4993 3°86 


+ Ax is the wavelength of radiation corresponding to the energy of the K level. 


TABLE 31 
A Oo. No A 0. No 
1:0 0-387 . 0:397 
1-2 0-390 . 0-397 
1°5 0-394 . 0-398 
2:0 0-395 : 0-399 


2°5 0-396 : 0-400 


TABLE 32. MAss ABSORPTION COEFFICIENTS (cm?/g) FOR VARIOUS ELEMENTS 


Energy | Wave- 

of the | length Hydr Alu- 

radia- | of the Air Water yTO- | Carbon Nitrogen} Oxygen | min- | Cop- 
tion, | radia- een ium per 
keV tion, A 


12-34 1:00} 2-859} 2.954] 0-3968] 1-385 | 2-187 | 3-276 | 14-01] 129-9 
10:3 1-2 4-766} 4926] 0-4091] 2:249 | 3-626 1 5-496 | 23-78] 207-5 
8-22 1-5 9:024| 9-347| 0-4344} 4-191 | 6-860 | 10-46 45-41 

6:17 2:0 | 20-71 | 21-58 0-4950| 9-587 | 15-83 | 24:24 | 103-9 

4:94 2:6 | 39-45 | 41-39 0-5935| 18-39 | 30:42 | 46-54 | 196-0 

4-11 3-00 | 66°69 | 70-45 0-:7405| 31-41 | 51:90 | 79-27 | 327-2 

3-08 4 134-8 | 162-3 1-216 | 73:01 {120-1 |182-7 720-4 

2-47 5 257-2 | 308-2 2-002 |140:0 {229-6 {346-9 {1299 

2-06 6 434-0 | 517-4 3-173 1237-9 {388-1 [582-5 {2061 

1-54 8 978-9 1155 6:979 1545-2 |878-7 1301 (4006 

1-23 | 10 1816 2120 13-24 | 1028 1637 2387 16107 

1:03 | 12 2972 3428 22:57 | 1712 2692 3858 

0-822 | 15 5318 5998 43-66 | 3160 4858 6743 

0-617 | 20 {10679 {11470 {102-7 6752 9930 = {12900 

0-494 | 25 17020 {198-8 |11763 {16300 {19150 
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DATA FOR THE CALCULATION OF THE MASS COEFFICIENT OF COMPTON 


SCATTERING 
Lb, Z 
—_ oO N a —— 
0 a ee | 


Here o, is the scattering cross-section of the radiation per electron. 
N, is Avogadro’s number, N, Z/A is the number of electrons in 1 g of the 
substance. The quantity o, Ny (cm?/mol), calculated from the data of the 
Klein—Nishina formula, is given in Table 31. 

The mass absorption coefficients 4/o for a number of elements, calculated 
from the above formulae, are given in Table 32. 


APPENDIX II 


THE DELTA FUNCTION AND ITS PROPERTIES 


The delta function 6(x) is defined by the following formulae: 


6(x)=0 for x +0, 6(0) = a, (1) 
with 


fe dx=1. (2) 


The limits of integration here can be replaced by any others between 
which the point x = 0 is situated, 1.e. 


f 6@) dx = 1, (3) 


where a < 0 < b. 
If f(x) is a function continuous at x = 0, 


| £0) 6) dx =f). (4) 


All these formulae can be written in a more general form: 


6(x—«)=0 for x+a, d(x—-a«)=0o for x=a, (1) 


ite —a)dx = 1, (2’) 
f 6 -a)dx=1 for a<a<b, (3’) 
[ £%) 6x — 0) dx = f@). (4’) 


With the help of (2) it can be easily shown that 


5px) =, (5) 


Hence we conclude that the dimension of the 6 function is the reciprocal 
of that of its argument. It should be noted that d(x) is even, i.e. 


6(—x) = d(x). 
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COMPTON SCATTERING CROSS-SECTIONS 
O.5 5%, 2 IN UNITS OF 10°%cm?/electron 
AS FUNCTIONS OF THE ENERGY 
OF GAMMA RAYS 


Energy of y-rays 


E Pe 
&=—— E, MeV 
Mg C 
0-025 0-01277 6-31 631 0-00 
0-05 0-02554 6-07 5-79 0-28 
0-075 0-03831 5-83 — ~ 
0-1 0-05108 5-599 5-138 0-461 
0-125 0-06385 5-409 — — 
0-15 0-07662 5-243 — — 
0-20 0-1022 4-900 4-217 0-683 
0-25 01277 | 4-636 — — 
1/3 0-1703 42730 — — 
0-40 0-2044 4-032 3-152 0-880 
0-50 0-2554 3-744 — — 
2/3 0-3406 3-369 — — 
0:80 0-4088 3-140 2-158 0-982 
1-0 0-5108 2-866 1-879 0-987 
4/3 0-6811 2-529 1-553 0-976 
2:0 1-022 2-090 1-164 0-926 
8/3 1-362 1-806 ~ — 
3-0 1-533 1-696 0-8523 0-844 
4-0 2-044 1-446 0-6745 0-772 
6-0 3-065 1-136 0:4774 0-659 
8-0 4-086 09465 0-3700 0-5765 
10-0 5-108 0-8168 0-3623 05145 
12 6-130 0-7215 — — 
20 10-22 05019 0-1571 0-3438 
30 15-33 0:3710 0-1071 0-2639 
50 25-54 0-2498 0-06596 0-1838 
70 35-76 0-1911 0:04719 0-1439 
100 51-08 0-1431 0-03302 0-1101 


APPENDIX IV 


MASS ENERGY ABSORPTION COEFFICIENT 
ufo, cm?/gt [1] 


0-088 0-0252 0-0445 0-312 2:46 

0-10 0:0253 0-0371 0-219 2°16 

0-125 0:0266 0-0307 0-123 1-55 

0-15 0-0278 0-0282 0-0801 1-08 

0-175 0:0289 0-0276 0-0595 0-779 

0-20 0-0299 0:-0275 0:0485 0-586 

0-25 0:0312 0:0279 0:0390 0-358 

0°30 0:0320 0:0283 0-0340 0-241 

0:40 0-0328 0-0287 0-0306 0-136 

0°50 0:0330 0:0287 0:0293 0-0901 (0-0904) 

0-60 0:0329 0:0286 0-0286 (0-0287) 0-0684 (0-0689) 

0-70 0:0326 0-0283 0-0278 (0-0280) 0-0560 (0-0566) 

0-80 0-0321 0-0278 0-0272 (0-0274) 0-0477 (0:0483) 

0-90 0:0316 0:0274 0-0266 (0:0268) 0-0424 (0-0431) 

1:0 0-0310 (0:0311) 0-0269 (0-0270) 0-0261 (0-0264) 0-0384 (0-0391) 

1-25 0-0296 (0:0297) 0-0257 (0-0258) 0-0248 (0-0252) 0-0317 (0-0325) 

1°5 0-0283 (0:0284) 0-0246 (0-0247) 0-0237 (0-0241) 0-0280 (0-0290) 

1-75 0-0271 (0:0272) 0-0236 (0-0237) 0:0227 (0-0232) 0-0260 (0:0275) 

2:0 0-0260 (0:0261) 0-0227 (0-0229) 0-0219 (0-0224) 0-0248 (0-0265) 

Zz) 0-0241 (0-0243) 0-0213 (0:0216) 0-0209 (0-0215) 0-0238 (0-0260) 

3-0 0°0227 (0-0229) 0-0201 (0-0205) 0-0203 (0-0210) 0-0238 (0:0264) 

4:0 0-0204 (0-0208) 0-0188 (0-0192) 0:0198 (0-0208) 0-0253 (0-0290) 

50 0:0189 (0:0194) 0:0180 (0-0185) 0-0198 (0-0211) 0-0272 (0-0317) 

6:0 0-0178 (0-0184) 0-0174 (0-0180) 0-0200 (0:0214) 0-6287 (0-0344) 

7:0 0-0170 (0-0176) 0-0171 (0-0177) 0-0203 (0-0219) 0-0298 (0-0368) 

8-0 0-0163 (0-0170) 0-0169 (0°0176) 0-0206 (0-0225) 0-0309 (0-0391) 

9-0 0-0158 (0°0165) 0-0168 (0-0175) 0-0209 (0-0232) 0-0319 (0-0410) 
10-0 0:0154 (0-0161) 0-0167 (0-0176) 0-0213 (0-0238) 0-0328 (0-0428) 


+ The values of the coefficients calculated without taking the correction for brems- 
strahlung into account are shown in parentheses. 
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TABLE OF THE Fi FUNCTION 


(2.6) 


1 
~Ei(- x)= fet Far>0, o>x>0 
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x 


— Ei(— x) 


0-056 
0-048 
0-042 
0:037 
0-032 
0-028 
0-024 
0:021 
0-019 
0-016 
0:014 
0:013 
0-011 
0-010 
0-008 
0:007 
0-006 
0-006 
0-005 
0-004 
0-004 
0-003 
0-003 
0:002 
0-002 
0-002 
0-002 
0-001 
0-001 
0-001 
0-001 
0-001 
1:10 x 10°3 
9-10 x 10-4 
8-080 
7:200 
6-420 
5-800 
5-090 
5-530 
4-060 
3-600 
3°21 
2:87 
2°57 
2°28 
2:02 
1°80 
1:60 
1°44 
1:28 
1:15 
1-02 x 10-4 


TABLE OF THE £i FUNCTION 


| x 


| — Ei(— x) | x 
9-20 x 10-5 12°5 
8-24 12:6 
7°37 12:7 
6°54 12°8 
5-88 12-9 
5°23 13-0 
4-67 13-1 
4:19 13-2 
3°767 13-3 
3-38 13-4 
3-03 13-5 
2°71 13-6 
2°42 13-7 
2°16 13-8 
1-92 13-9 
1:72 14-0 
1:56 14-1 
1-39 14-2 
1-245 14-3 
1:13 x 10° 14-4 
9:95 x 10° 14-5 
9-00 14-6 
8-08 14-7 
7:27 14-8 
6°51 14-9 
5°83 15-0 
5-18 15-1 
4°83 15-2 
4:16 15-3 
3-80 15-4 
3-40 15°5 
3-00 15-6 
2°70 15-7 
2°41 15-8 
2:17 15-9 
1-95 16-0 
1-82 16-1 
1°57 16-2 
1-40 16-3 
1-25 16-4 
1-13 16-5 
1:01 x 10-8 16-6 
9:04 x 10°’ 16:7 
8-08 16°8 
7°34 16-9 
6°46 17:0 
5°86 17-1 
5:30 17:2 
4°75 17:3 
4:26 17-4 
3°85 17:5 
3°45 17°6 
3-09 17-7 
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| — Ei{— x) 


2:78 
2-49 
2:24 
2-01 
1-81 
1-62 
1-46 
1-30 
1-18 
1-10 x 10-? 
9-49 x 10-8 
8-53 
7-66 
6-86 
6-24 
5-57 
5-04 
4-43 
4-05 
3-64 
3-27 
2:94 
2-63 
2-38 
2:13 
1-92 
1-73 
1-55 
1-40 
1-26 
1-13 
1-02 x 10-8 
9-07 x 107° 
8-19 
7-36 
6-61 
5-93 
5-40 
4-83 
4:37 
3-92 
3-54 
3-18 
2:86 
2:57 
2-31 
2:07 
1-86 
1-68 
1:51 
1:36 
1:22 
110 x 10-° 
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— Ei (—x) ~ Fi(—x) 


17°8 9:92 x 10-10 1-49 
17:9 8-90 : ‘ ‘ 1°35 
18-0 8-02 : . : 1-21 
18°1 7:19 ‘ ‘ ‘ 1:09 x 10-19 
18-2 6°48 : ‘ 9-83 x 10°12 
18-3 5-82 

18-4 5-27 


18-5 4-76 
4-30 


APPENDIX VI 


PROPAGATION IN AIR OF GAMMA QUANTA 
FROM AN INSTANTANEOUS POINT SOURCE 


An example of the solution of a non-stationary problem of the 
multiple scattering of gamma quanta. 


This non-stationary problem was solved by the Monte Carlo method.7 
The data given below are based on an examination of the history of 1500 
quanta. Each quantum has an initial energy of 1 MeV. The density and 
pressure of the air are normal. The absolute values of the intensity are related 
to an amount of energy emitted by the instantaneous source equal to 1 MeV 
(1.e. the source has emitted 1 quantum). 

The following units have been adopted in the values of the intensity given 
below. Unit of time: 1 microsecond; unit of surface: surface of the sphere 
of radius R; unit of energy: 1 MeV. 


TABLE 1. INTENSITY OF THE SCATTERED GAMMA RADIATION AT 

DIFFERENT DISTANCES FROM THE SOURCE R (IN METRES) IN 

DIFFERENT INTERVALS OF TIME f (IN MICROSECONDS) FROM THE 

MOMENT OF ARRIVAL OF THE DIRECT BEAM AT THE POINT CON- 

SIDERED. THE INTENSITY IS GIVEN IN MeV/usec FOR THE ENTIRE 
SURFACE OF THE SPHERE OF RADIUS R. 


—_—,.. 
ee ee pe 


R, m 
Interval ¢, 
sec 
inti oe ee ee 
0O—0-125 1-421 0-35 0-0095 

0-125—0-250 0-314 0-11 0-0091 
0:250—0:500 0-192 0-069 0-0039 
0-500— 1-00 0-082 0-039 0-0034 

1-00—1-50 0-053 0-017 0-0011 

1-50—2-00 0-02 0-008 0-00016 

2°:00—3-00 0-0038 0-002 0-00002 

3-00—4-00 | 0-:00093 0-0003 0-000005 


The times in which the intensity falls to 0-1 of its initial value at distances 
of 250, 500, 1000 m are 0-5, 1-0, 1-5 usec respectively. 


} O. I. Leipunskii, A. S. Strelkov, A.S. Frolov and N.N. Chentsov, Soviet Journal 
of Atomic Energy 10, 482-488, 1962 (Atomnaya énergiya 10, 493-500, 1961). 
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TABLE 3. THE FRACTION OF THE TOTAL INTENSITY OF THE SCATTERED RADIATION WHICH 
PROCEEDS FROM A GIVEN SOLID ANGLE AT DIFFERENT MOMENTS OF TIME 


Rm 250 (4 R = 2:03) 500 (utp R = 4-06) 
Kee 0° <6 |10° <6] 40° < 6 | 90° < 6]. 10°< 6 | 40°< 6 
<10° |< 40° | <90° | < 180°} <10° | <40° | <90° | <180° 
0—0-125 | 0-321 | 0-526 | 0-132 | 0:0213 0-513 | 0-195 | 0-0007 
0-125—0-250 | 0-0177 | 0-383 | 0-421 | 0-177 0-531 | 0-378 | 0-076 
0-250—0-500 | 0-0132 | 0-173 | 0-488 | 0-325 0-272 | 0-425 | 0-289 
0:500—1-00 | 0-0126 | 0-160 | 0-410 | 0-418 0-161 | 0-510 | 0-322 
1-00—1:50 | 0-026 |0-120| 0-364 | 0-488 0-180 | 0-348 | 0-455 
1:50-2:00 | 0-005 | 0-090 | 0:483 | 0-422 0-174 | 0-469 | 0-348 
2:00—3-00 0-111 | 0-289 | 0-591 0-192 | 0-391 | 0-407 
3-00—4-00 0-075 | 0-451 | 0-468 0-056 | 0-233 | 0-705 
4-00— co , - zs a 


TABLE 4. DISTRIBUTION OF THE INTENSITY OF THE SCATTERED RADIATION OVER VARIOUS 
ENERGY INTERVALS AT DIFFERENT MOMENTS OF TIME; R = 250m, My R = 2:03 T 


f MSEC! 9.9— {0-125—10-250—|0-500—| 1-00— | 1-50— | 2-00—| 3-00— 
4-00— co 


E, MeV ~ 0-125 [0-250 j0°500 |1:00 {1:50 {2:00 | 3-00 4:00 
0-0—0-0625 0 O | 0-0890] 0-73 | 1:28 | 1:04 | 0-290 0:00829 
0-0625—0:125 | 0-286 | 1:20 | 4:37 5-11 | 2:20 | 1:16 | 0-134 0:0009 
0-125—0-250; 1:56 | 5:12 | 6°03 2:08 {| 0°52 | 0-867 | 0-100 0 
0-250—0°500| 7:93 | 5:82 | 1:80 0-15 | 0-0018; 0 0 0 


0-500—1:00 | 17:34 | 0-121 0 0 0 0 0 0 


+ The tables give the values of the product of the intensity (in MeV for 1 yusec for the 
entire sphere of radius R) by e”%, 


TABLE 5. AVERAGE ENERGIES OF A QUANTUM OF THE SCATTERED RADIATION 
AT DIFFERENT MOMENTS OF TIME FOR VARIOUS DISTANCES OF THE POINT 
OF MEASUREMENT FROM THE SOURCET 


R,m 250 500 1000 
t, “Sec Lo R= 2°03 Mo R= 4:06 Ho R= 8-12 
0-0—0:125 | 0-600 (0-740) 0-534. (0-610) | 0-746 (0-750) 
0:125—0-250 0272 0-369 0-572 
0:250—0-500 0-180 0-218 0-398 
0:500—1-00 0-110 0-132 0-130 
1-00—1-50 0-074 0-086 0-100 
1-50—2:00 0-065 0-059 i 
2:00—3-00 0-050 0-055 0-050 
3-00—4-00 0-062 0-043 0-054 
4-00— 0 = 7 = 


+ The average values of the energy of the quantum are given in MeV 
in the tables. The values of the average energy of the quantum, taking the 
direct radiation into account, are given in parentheses. 
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TABLE 6. AVERAGE ENERGIES OF A QUANTUM OF THE SCATTERED RADIATION ARRIVING 
AT THE POINT OF OBSERVATION FROM DIFFERENT SOLID ANGLES AT DIFFERENT MOMENTS 
OF TIMET 


R = 250 m (4 R = 2:03) 


t, SEC : 

0°<68< 10° 10° < 6 < 40° 40° <6@< 90° |90°<@< 180° 
0—0-°125 0-686 (0-878) 0-652 0:455 0-238 
0-125—0-250 0-203 0-286 0-300 0-220 
0-250—0-500 0-167 0-132 0-192 0:168 
0-500—1-00 0-101 0-094 0-114 0-105 
1:00—1-50 0-103 0:076 0:077 0-083 
1-50—2-00 0-058 0-064 0-066 0-061 
2°00—3-00 0-047 0-051 0:047 0-056 
3-00—4-00 0-040 0-062 0-055 0-065 

R = 500 m (us R = 4:06) 
t, USEC 

- 0° <4<10° 10°<@< 40° | 40°<6< 90° |90°<@< 180° 
0O—0°125 0-710 (0°843) 0-692 0-294 0-200 
0-125—0°250 0-268 0-440 0-323 0-243 
0:250—0-500 0°178 0-259 0-227 0-200 
0:500—1-00 0:087 0-114 ~0°152 0-109 
1-00—1-50 0-072 0-075 0-084 0-103 
1-50—2-00 0-052 0-056 es 0-063 0-056 
2:00—3-00 0-073 0-054 0-056 0-048 


3-00—4-00 0:040 0-041 0-060 0-053 


+ The average values of the energy of a quantum of the scattered radiation in MeV 
‘ds given in the table. The average energy of the quantum, taking the direct enon into 
account, is given in parentheses. 


APPENDIX VII 


ENERGY ALBEDO OF y-RADIATION 


for different energies of the incident quanta E, (MeV), angles of incidence 0°, 
and atomic numbers of the scattering medium(Z). The scattering medium 
is a half-space with a plane boundary surfacef. 


TABLE 1. ENERGY ALBEDO FROM HYDROGEN (Z = 1) 


Ey, MeV 0-02 


0° 0-563 
30° 0-582 
60° 0-659 
90° 0-803 


Isotropic 0:657 
source 


TABLE 2. ENERGY ALBEDO FROM WATER (Z = 7:5) 


E, MeV | 0:02 | 0-05 | 0-1 | 0-2 | 0:5 | 1 | 


0° 
30° 
60° 
90° 
Isotropic 
source 


TABLE 3. ENERGY ALBEDO FROM CONCRETE (Z = 13-4). COMPOSITION BY WEIGHT: 
H0-56%, 0 49-56%, Si31-35%, Al 4-56%, Ca8-26%, Fe 1:22%, Mg0-24%, Na1-71%, 
K 1:92%, 8 0:12% 


Ey, MeV 0:02 2:0 
0° 0-008 0-065 0-017 
30° 0-008 |. 0-072 0:021 
60° 0-012 | 0-102 0-048 
90° 0-028 0:243 0-266 
Isotropic | 0-012 0-115 0-069 


source 


+ M. J. Berger and D. Raso, Radiation Research 12, 20-37, 1960. 
': In this paper there are certain data on the spectral and angular distribution of the 
scattered radiation. 
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TABLE 4. DosE ALBEDO FROM CONCRETE 
(composition indicated in Table 3) 


E,, MeV 
0:2 0-5 1-0 2:0 
cos @ . | 

0 (90°) 0-47 0:395 0-355 0-303 
0-1 0-39 0-309 0-263 0-193 
0-2 0-327 0-249 0-198 0-136 
0-3 0-283 0-205 0-155 0-099 
0-4 0-250 0-173 0-122 0-074 
0:5 (60°) 0-220 0-146 0-099 0-055 
0-6 0-192 0-119 | 0-077 0-046 
0-7 0-173 0-103 0-061 0-036 
0:8 0-159 0-092 0-052 0-028 
0-9 0-148 0-083 0-045 0-023 
1-0 (0°) 0-138 0-074 0-04 0-020 


TABLE 5. ENERGY ALBEDO FROM IRON (Z = 26) 


Ey, MeV 0-1 0:2 0:5 | 1-0 | 2:0 
0° 0-032 0-063 0-054 0-031 0-012 
30° 0-035 0-074 0-065 0-039 0-017 
60° 0-057 0-125 0-119 0-079 0-041 
90° 0-183 0-370 0-378 0-327 0-263 


Isotropic 0-069. 0-150 0-149 0-105 0-066 
source 


TABLE 6. ENERGY ALBEDO FROM TIN (Z = 50) 


E,, MeV 0:2 | 0-5 1:0 
0° 0-013 0-015 0-011 
30° 0-015 0-022 0-015 
60° 0-032 | 0-060 0:047 
90° 0-137 0-295 0-289 
Isotropic 0-042 0-082 0-075 


source 


TABLE 7. ENERGY ALBEDO FROM LEAD (Z = 82) 


E,, MeV 0-2 | 0:5 | 1-6 
0° 0-003 0-004 | 0-004 
30° 0:004 | 0-005 0-006 
60° 0-008 0-018 0-024 
90° 0-043 0:159 0-214 
Isotropic 0-012 0-032 0-045 


source 


With reduction in the energy of the quanta the energy albedo increases, 
reaches a maximum and falls to a value close to zero, because of the rapid 
increase in the cross-section for photo-electric absorption as the energy falls. 
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CHART 1. Mass absorption coefficients u/o for various substances as functions of y-ray energy [69]. 


a 
- 


|__| 
cal 
Be 
— 
Ee 


Pee etic ae | 
Smaeeh 
Neastt 


B 
aa 


si] 
pe) 
NS 


YO 
: 
Mii 
oa 
|_| 
Es 
= 
|| 
bz 
fies 
Be 
- 
if 
004 0:05 006 007008 Qo 


0°03 


J] 

YJ | 

oe ee 

CO ont te cs 


\WA\ Aas 
002 


ieee 
WDE TT TT 


WAA\ 
(0 


YA AWWA TT 
NCAT Bioiocical 1 


A 


‘is? 1 


O05 O06 O7 - 0-8 o9 {-O 


y -ray energy, MeV 


[69] AdiIoua Aei-d Jo suOTOUNJ se soouRysqns SNoIIeA 1O¥ 0/7! syUSIOYJI09 UOT}dIOsqe Sse "% LUVHD 


Kijaua Ads-Z 


ew 


| 


1560 900200 90:0 S00 400 


200 


£0-0 


ef 60 BO 20 90 G0 $0 


2 


€ 


b 


S 


Ol6 38 2 9 


of 02 


OF 


oS 


> 


PE 7 A ae 
a A 
Let WF | Vr 
Cacao Seale (Ns Fe Ge | nae 
ee ee a ty fl Ay Am Ene ae 
a ese) 6 aa Va DEAN Ce | Aw A. | | | ft i 
Are Pen eee eae ee ee a (fe filif7 | | | tT Tt iz 
HG + 
eee Ee sp PF a RE TN OY G(R ( ( EB 
ee Cy iemmarie) Geueen Comes ee ee es Sa Ge HH 
ee ee Pe oe 
RS RS ROS SS ees ee Se _ cor Hl - 
a SY 22 ae ee i i 
TY 500 i 2 WmEAATOGIILI 
ae ee ae ea BE EL eee ae ee ee ERED 
ee Ree seit ae es een eS ee RSE R TRE 
eee a a ae) BRERAS ll ee ee ee ee ee ARERR 
Se ae \ 0000006 
(amnesia (ee a | | Ss Fi ( ( 
es ee Gea! Ss (Ga HO a ne |e (ee 
a ae ih Beererer ia ee ee es 
—— ated SS SS Se seecass 


st iit 


ng 


i 


ee ee Ser 


N 


= 
mii IN LE AL 
a WCC 
eee NASA a 
ae Ne ea 
aA ACN TEE Ti 2 eae ae ae ee 
== (ee Geemarc 

5 1 | Wes area (eae (ea ae a 


| | 
| 


[69] Adious Avi-d Jo suonouny se saoueRjsqns sNoIIeA IO} 


0/’1 syustoyJe0d uoNdiosqe ABIaus sseyl ‘¢ LYVHD 
| Aa ‘KBsaue kos 


: 


£4 O9 OS Ol6 aia 9 


wo 
vt 


O°] 60 Bo bo 90 G0 0 160 800 20:0 90:0 SOO 0-0 £0 200 


 anssiy 
Ea easerel ie LL NNN “a 
‘ion uobay ee aah ag 7 y to 

Niue Tee TT Tiiii: PU ft na 

—] Se | pRenoRg 

pe ul lings =o aes = a 
3 a itis anssl{ = ans PY SC a 
alt de en see pee i ee eee KIN | | tf 
Estee ee es ee eae ea eee ee, ae 0" TINNY 
GC a a ee ee Cm (A i NCATE ATA eal 
EEE SH AN 
Bi ee Go ca ERR a ee ee ee ee a a Tt | Se, WL hs, 

| ieee es ee ee ec lak(ieetk [des oe | | eee en VS AMR INV | ff 
a es Se ee es ee ee ee ee ee = i | ne Vee TAIN TVD NOT 
a ———— a 
Se a : —— ee ee ee 
MTT Mini a = NTT N ‘on = 

La a mn Hi tk Wa 

Moncomeeeeit Se ee ee ee Ht +}—t+-+—_ Ht ta NCE ens We 
cea ee ee ee ee Tae H+} nee te 
2s a GO a a Cet GS 100115 GOP CAT A \ 
5 ee a ee ee CEE ee EEE EE +--+} TAL TT VASA UN 
HH + +-+$ ++ {$e Priv; FETT CRW YT 
Ee es ee el ee ee HE} +} Uae 
ae ee ial eee de ee fe ceo (eo ie Pt tt tA] ff Wil Ga 
pee eee one a ee Ee | 
nites SS ee ee ee eee ee ee nS See 
Ss i ae eee e ee e r\ AUS Gm 


| 


[69] AS1oua AvI-d Jo SUOTIOUNJ sv ssoURJsqnS SNOTIeA IO}J O/?7! syusTOYJoo uOTdIosqe AS30US Sse “yp LuVHD 
"Abjaua kos-A 


Ae 


{ 
} 


Of 60 80 20 90 GO 7-0 


_Masee Ht ttt ee CLEoe 
eee — ie Ea (a a i meal 


NEL 
IN 
ay 


SEACH 
+t eet Se Sree 


Te Pail 
CO | 


ner cil 


10 80-0 200 90-0 $00" y0°O0 = £00 


{ 
d 


eee 
Sita 


ee 


— 


i a oat 


Y 
v 
he 
x fy 


i 


HAWES 


2 


Scud HENAN 


Ww \ 


TT ANA TL We tA 


ws 
A004 
| | 
REP 
p2a 


eel | fee 
HANNE 


i PRACT 


ini 


’ 
t 


Rees | | 


cA 
ae 


€ 


64 


S 


eee eal ore aa 
A E eae ee a a 
EB (eae (a a 
is | ae eae a 
a ee 
ry a pains (ae ae 
Fe i [SAS ATE BE AN EDS a la 
é AEE a a a 
7 Bh Oe PP Ea) 
ro) ar ee 


a 1 mee 


AAA at TT 


\ 
CNMI TT 


oN VW Nutt LECH 
At | MELN INL \ 1 oo ot 


IE ane aE ae a ee 
ee een MAA EH HH 
zy emmy eNO a 


33. 


REFERENCES 


U. FANo, Nucleonics 11 (8), 8-12, 1953. 
G. V. GORSHKOV, Gamma radiation from radioactive bodies (Gamma-izluchenie radio- 
aktivnykh tel), University of Leningrad, 1956. 


. H. A. BETHE and J. ASHKIN, in: E. SEGRE ed., Experimental Nuclear Physics, volume {, 


Wiley, New York, 1953. 


. C. M. DAVISSON and R. D. Evans, Reviews of Modern Physics 24, 79-107, 1952. 
. A. I. AKHTEZER and V. B. BERESTETSKU, Quantum Electrodynamics, Office of Tech- 


nical Services, Washington, 1957 (Kvantovaya élektrodinamika, Gostekhizdat, Mos- 
cow, 1953). 


. L. D. LANDAU and E. M. Lirsuitz, The Classical Theory of Fields, Addison-Wesley, 


Cambridge (Mass.), 1951 (Teoriya polya, Gostekhizdat, Moscow, 1948). 


. R. D. Evans and R. O. Evans, Reviews of Modern Physics 29, 305-326, 1948. 
. L. V. SPENCER and U. FAno, Journal of Research, National Bureau of Standards 46, 


446-456, 1951. 


. L. V. SPENCER and U. FANo, Physical Review 81, 464-466, 1951. 

. H. GOLDSTEIN and J. E. WILKINS, JR., report NYO 3075, 1954. 

. M. Kapyrov, Tables of random numbers (Tablitsy sluchainykh chisel), Tashkent, 1936. 
. V. V. CHAVCHANIDZE, Bulletin of the Academy of Sciences of the USSR, Physical 


Series 19, 568-578, 1956 Uzvestiya Akademii Nauk SSSR, seriya fizicheskaya 19, 
629-638, 1955). 


. W. R. Faust and M. H. JoHNSON, Physical Review 75, 467-472, 1949. 
. W.R. Faust, Physical Review 77, 227-232, 1950. 
. J. O. HIRSCHFELDER, J. L. MAGEE and M.H. Hutz, Physical Review 73, 852-862, 


1948. 


. J. O. HIRSCHFELDER and E. N. ApAms II, Physical Review 73, 863-868, 1948. 

. P. MAIGNAN, Comptes rendus 230, 2018-2020, 1950. 

. P. MAIGNAN, Comptes rendus 230, 2088-2090, 1950. 

. P. MAIGNAN, Annales de physique [12] 8, 202-258, 1953. 

. L. Cave, J. ConNeR and R. H. A. Liston, Proceedings of the Royal Society A 204, 


223-259, 1950. 


. J. CORNER and R.H. A. Liston, Proceedings of the Royal Society A 204, 323-329, 


1950. 


. J. CORNER, F. A. G. Day and R. E. WEIR, Proceedings of the Royal Society A 204, 


329-338, 1950. 


. G. H. PEEBLES, Journal of Applied Physics 24, 1272-1287, 1953. 

. G. H. PEEBLES, Journal of Applied Physics 24, 1437-1447, 1953. 

. G. H. PEEBLES and M. S. PLEsseT, Physical Review 81, 430-439, 1951. 

. J.P. Vinti, Physical Review 91, 345-348, 1953. 

. F. Bopp, Annalen der Physik [5] 30, 35-71, 1937. 

. O. I. LEIPUNSKII, Gamma radiation of an atomic explosion, Office of Technical Services, 


Washington, 1961 (Gamma-izluchenie atomnogo vzryva, Atomizdat, Moscow, 1959). 


. L. L. FoLtpy, Physical Review 81, 395-399, 1951. 

. L. L. Fotpy and R. K. Ossorn, Physical Review 81, 400-404, 1951. 

. L. L. FoLtpy, Physical Review 82, 927-931, 1951. 

. V. I. OGIEVETSKII, Soviet Physics: JETP 2, 312-319, 1956 (Zhurnal éksperimental noi 


i teoreticheskoi fiziki 29, 454-463, 1955). 
V. I. OGIEVETSKIL, Soviet Physics: JETP 2, 319-325, 1956 (Zhurnal éksperimental’ noi 
i teoreticheskoi fiziki 29, 464-472, 1955). 


34. U. Fano, Physical Review 76, 739-742, 1949. 


219 


220 REFERENCES 


35 
36 
37 
38 


39. 
40. 


41. 


42. 


. U. Fano, Journal of Research, National Bureau of Standards 51, 95-122, 1953. 
. H. A. BETHE, U. FANo and P. R. Karr, Physical Review 76, 538-540, 1949. 
. L. V. SPENCER, Physical Review 88, 793-803, 1952. 


. B. V. NovozHILov, Soviet Physics: JETP 6 (33), 989-990, 1958 (Zhurnal éksperi- 


mental’noi i teoreticheskoi fiziki 33, 1287-1289, 1957). 

R. E. MARSHAK, Reviews of Modern Physics 19, 185-238, 1947. 

A. I. AKHIEZER and J. YA. POMERANCHUK, Some problems of nuclear theory (Neko- 

torye voprosy teorii yadra), Gostekhizdat, Moscow, 1950. 

V.N. SAKHAROV, Journal of Nuclear Energy B 1, 55-57, 1959 = Soviet Journal of 

Atomic Energy 3, 799-803, 1958 (Atomnaya énergiya 3, 57-59, 1957). 

S. G. Tsypin, V. I. KUKHTEVICH and Yu. A. KAZANSKII, Journal of Nuclear Energy 

3, 366-370, 1956 = Soviet Journal of Atomic Energy 1, 217-220, 1956 (Atomnaya 

énergiya 1 (2), 71-74, 1956). 

.G.R. Waite, Physical Review 80, 154-156, 1950. 

. P. MAIGNAN, Annales de physique [12] 8, 202-258, 1953. 

. P. A. Roys, K. Suure and J. J. TAyLor, Physical Review 95, 911-912, 1954. 

. U. Fano, Nucleonics 11 (9), 55-61, 1953. 

. V.S. GALISHEV, V. I. OGIEVETSKII and A. I. ORLOV, Advances in Physical Sciences 61, 
160-236, 1960 (Uspekhi fizicheskikh nauk 61, 161-216, 1957). 

. E. HAYWARD, Physical Review 86, 493-495, 1952. 


. L. V. SPENCER and F. STINSON, Physical Review 85, 662-664, 1952. 


. M. J. BERGER and J. DoGGeETT, Journal of Research, National Bureau of Standards 56, 
89-98, 1956. 


. M. J. BerGer, Journal of Research, National Bureau of Standards 55, 343-353, 1955. 
. L. A. Beacu, R. B. THeus, J.D. PLAWCHAN and W.R. Faust, report NRL 4412, 


1954. 


. G. H. PEEBLES, report R 240, 1952. 


. F.S. Kirn, R. J. Kennepy and H. O. Wycxorr, Radiology 63, 94-104, 1954. 
. J. F. PERKINS, Journal of Applied Physics 26, 655-658, 1955. 


. B. P. BULAToV and E. A. GARusov, Journal of Nuclear Energy A 11, 159-164, 1960 


= Soviet Journal of Atomic Energy 5, 1563-1570, 1959 (Atomnaya énergiya 5, 631-637, 
1958). 


. O. J. Lerpunskir and V. N. SAKHAROV, Soviet Journal of Atomic Energy 6, 440-441, 


1960 (Atomnaya énergiya 6, 585-587, 1957). 


. V. N. SAKHAROV, V. I. KOLESNIKOV-SVINAREV, V. A. NAZARENKO and E. I. ZaAsI- 


DAROV, Journal of Nuclear Energy A 12, 135-136, 1960 = Soviet Journal of Atomic 
Energy 7, 761-762, 1961 (Atomnaya énergiya 7, 266-267, 1959). 


. B. W. SOOLE, Proceedings of the Royal Society A 230, 343-353, 1955. 
. M. J. BERGER, Journal of Applied Physics 28, 1502-1508, 1957. 
. K. K. AGLINTSEV, Dosimetry of ionizing radiation (Dozimetriya ioniziruyushchikh 


izluchenii), Gostekhizdat, Moscow, 1950. 


. E. JAHNKE and F. Empe, Tables of functions, 4th edition, Dover, New York, 1945. 
. M. J. BERGER, Journal of Applied Physics 26, 1504-1507, 1955. 


. V. N. SAKHAROV, Journal of Nuclear Energy B 1, 55-57, 1959 = Soviet Journal of 
Atomic Energy 3, 799-803, 1958 (Atomnaya énergiya 3, 57-59, 1957). 
. E. HAYWARD and J. HUBBELL, Physical Review 93, 955-956, 1954. 


. J. F. PERKINS, Journal of Applied Physics 26, 1372-1377, 1955. 
. V. I. KUKHTEVICH, S. G. TsyPIN and B. P. SHEMETENKO, Journal of Nuclear Energy 


A 11, 165-166, 1960 = Soviet Journal of Atomic Energy 5, 1571-1574, 1959 (Atom- 
naya énergiya 5, 638-641, 1958). 


. G. W. GRODSTEIN, National Bureau of Standards circular 583, 1957. 
. T. ROCKWELL JII ed., Reactor shielding design manual, McGraw-Hill, New York, 


1956. 


IN 


Absorption coefficient (see Energy absorp- 
tion coefficient; Mass absorption 
coefficient) 

Activity of source 31 

Age approximation 72-76 

Albedo (see also Reflexion coefficient) 28 

Analytical solution of transport equation 
62-76 

Attenuation factors 28 


“Bad” geometry 19-20 
Boundary | 

conditions 35, 63 

source near 118-128 
Build-up factors 27-28, 30-31 


Compton scattering 2, 4-9, 14-15 
Cross-sections 2-3 — | 
Compton scattering 5-9, 175-201, 208 
energy 
absorption 8 
Scattering 7 . 
pair production 9-10, 175-201 
photo-electric effect 3-4, 175-201 
tables of 175-201, 208 
Current of quanta 25 
for unscattered radiation 26-27 


Delta function 207 
Distribution functions 23-31 
for unscattered radiation 26-27 


Edge effect 128 
Fi function 210-212 
Energy 
absorption coefficient 15-17, 209, 
Charts 3-4 
current of quanta 25 
fiux of quanta 25 
build-up factor 27 
of quanta 1 
Equivalent element 93 


Flux of quanta 3, 25 
for unscattered radiation 26-27 


DEX 


Gamma radiation 1ff 
**Good” geometry 19-20 


Infinite 
medium 
inhomogeneous 92-96 
low-energy quanta 74-76 
method of moments 35-41 
plane source, isotropic 159-169 
plane source, unidirectional 128-131, 
139-148 
point source 23-24, 79-118 
slab 
Monte Carlo method 42-51 
plane source, isotropic 24-25 
plane source, unidirectional 128, 
132-139, 147-148 
radiating 169-174 
small-angle approximation 62-68 
successive collisions method 53-62 
Intensity of radiation 26 


Klein—Nishina-Tamm formula 5 


Linear absorption coefficient 10-15 
Low-energy quanta, diffusion of 72-76 


Mass absorption coefficient 12, 175-206, 
Charts 1-2 
Moments, method of 35-41 
Monte Carlo method 41-52 
Multiple scattering 18-22 
theory of 32/f 


Oblique thickness 128 


Pair production 2, 9-10, 14 
Penetration to great depths 68-72 
Photo-electric effect 2, 3-4, 14 
Plane source 
isotropic 159-169 
deep penetration 72 
distribution function 24-25, 34 
method of moments 36-41 


221 


222 INDEX 
Plane source Quanta 
unidirectional energy flux 25 
attenuation factor 28 flux 3, 25 


deep penetration 68-72 

flux and current 25, 27 

homogeneous medium 128-148 

method of moments 36-41 

Monte Carlo method 42, 48-51 

small-angle approximation 62-68 

successive collisions method 53-55, 
56-62 

transport equation 34 


interactions with matter 2-17 
wavelength 1 


Rad 17 
Random sampling, method of 41-52 
Reflexion 

coefficient 28-31 

from scattering medium 144-159, 


217-218 
Roentgen 17 


Point source 
instantaneous 
isotropic 


213-216 


attenuation factor 28 

on boundary of two media 118-128 
deep penetration 72 

distribution function 23-24, 26 

flux and current 25, 26 
homogeneous medium 79-118 
low-energy quanta 74-76 

reflexion 159-169 

transport equation 34-35 


Scattering 

Compton 2, 4-9, 14-15 

multiple 18-22 
Small-angle approximation 62-68 
Space-angle moments 38 
Successive collisions method 52-62 


Thomson’s formula 5 
Transport equation 32/f 


Quanta Lf solution of 35-76 
current 25 
energy 1 


energy current 25 Wavelength of quanta 


OTHER VOLUMES PUBLISHED IN THE SERIES ON 


Vol. 


Vol. 
Vol. 
Vol. 
Vol. 
Vol. 


Vol. 
Vol. 
Vol. 
Vol. 
Vol. 


Vol. 
Vol. 


Vol. 


Vol. 


j 


bh WN 


Oo On N 


10 


11 


Vol. 2 


Vol. 


Vol. 


Vol. 2 


Vol. 


Vol. 
Voi. 


NUCLEAR ENERGY 


Division I ECONOMICS AND LAW 


ALLARDICE—Atomic Power—An Appraisal 


Division II. NUCLEAR PHYSICS 


HucGHes—Neutron Cross Sections 

BRADLEY— Physics of Nuclear Fission 

Soviet Reviews of Nuclear Science 

YIFTAH, OKRENT and MOLDAUER—Fast Reactor Cross Sections 

NeELipA—The Relation between the Photo-production and the Scattering of 
Jé-MeSONS 

DzHELEPOV—Isobaric Nuclei with the Mass Number A=74. 
ZYRYANOVA—Once-forbidden Beta-transitions 

DZHELEPOV and DRANITSYNA—Systematics of Beta-decay Energies 
DZHELEPOV and ZHUKOvSKII—lIsobaric Nuclei with the Mass Number A=110 
DZHELEPOV, PRIKHODTSEVA and KHOL’NOov—Isobaric Nuclei with the Mass 
Number A=140 

GriIGoR’EV—Isobaric Nuclei with the Mass Number A=73 
ALIKHANOV—Recent Research in Beta-disintegration 


Division Ill. BIOLOGY 


BURNAZYAN and LEBEDINSKII—Radiation Medicine 


Division IV. ISOTOPES AND RADIATION 


GROSHEV, LUTSENKO, DEemipov and PELEKHOV—Atlas of Gamma-ray Spectra 
from Radiative Capture of Thermal Neutrons 

VERKHOVSKII—The Use of Radioactive Isotopes for Checking Production Processes 
SHUMILOVSKI and MEL’ TTSER— Radioactive Isotopes in Instrumentation and Control 


Division V. HEALTH PHYSICS 


HANDLOSER—Health Physics Instrumentation 
AMPHLETT—Radioactive Wastes—Their Treatment and Disposal 


Division VI. MEDICINE 


MEAD and Howton—Radioisotope Studies of Fatty Acid Metabolism 


Division VI. REACTOR ENGINEERING 


KOMAROVSKII—Shielding Materials for Nuclear Reactors 
RypDzeEwski—Introduction to Structural Problems in Nuclear Reactor Engineering 


Vol. 


Vol. 2 


Vol. 


Vol. 


‘Vol. 
Vol. 
Vol. 
Vol. 
Vol. 


Vol. 


Vol. 


Vol. 


A fb WN = 


1 


I 


1 


Division VII. MATERIALS 


BELLAMY and HiLt—Extraction and Metallurgy of Uranium,Thorium and Beryllium 
PEREL’MAN—Rubidium and Caesium 


Division IX. CHEMICAL ENGINEERING 
GALKIN, MAIoROV and VERYATIN—The Technology of the Treatment of Uranium 


Concentrates 
PATTON, GOOGIN and. GRIFFITH—Enriched Uranium Processing 


Division X. REACTOR DESIGN PHYSICS 


LITTLER and RAFFLE—An Introduction to Reactor Physics 

PRICE, HORTON -and SPINNEY—Radiation Shielding 
GALANIN—Thermal Reactor Theory 

DRESNER—Resonance Absorption in Nuclear Reactors 

THIE—Heavy Water Exponential Experiments Using ThO, and UO, 


Division XI. REACTOR OPERATIONAL PROBLEMS 


RussELL—Reactor Safeguards 


Division XII. CHEMISTRY 


RABINOWITCH and BELFORD—Spectroscopy and Photochemistry of Uranyl 
Compounds 


Division XIV. PLASMA PHYSICS 
AND THERMONUCLEAR RESEARCH 


SIMON—An Introduction to Thermonuclear Research 


Made in Great Britain 


